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Expression and interaction of desmosomal components and keratins provide stable cell 
cohesion and protect the epidermis against various types of stress. The differentiation-specific 
isotype composition of the keratin cytoskeleton and desmosomes is regarded as major 
determinant of adhesive strength. However, the functional significance of individual keratins 
for the composition and adhesion of desmosomes has not been addressed in full. To overcome 
keratin redundancy following deletion of individual keratin genes, the entire type II or type I 
keratin cluster was deleted, resulting in the absence of keratin filaments in epidermal 
keratinocytes. The comparison of mouse keratinocyte cell lines lacking all keratins or re-
expressing distinct keratin isotypes provides an excellent model to examine keratin 
contribution to the formation and stability of desmosomes. In support with the reported 
phenotype in vivo, desmosomes assemble in the absence of keratins but are endocytosed at 
accelerated rates. The internalization of desmosomes is regulated by PKCα-mediated 
desmoplakin phosphorylation, rendering epithelial sheets highly susceptible to mechanical 
stress in cell culture. Re-expression of the keratin pair K5/K14, inhibition of PKCα activity, or 
blocking of endocytosis reconstituted both desmosome localization at the plasma membrane 
and epithelial adhesion. The data support a model whereby K5/K14 sequesters RACK1, which 
can bind PKCα and thereby limits DP phosphorylation, promoting desmosome 
stability/maintenance and intercellular adhesive strength. To investigate the isotype-specific 
function of keratins, the respective contribution of K5/K14 or K6/K17 to desmosome adhesion, 
upon their stable re-expression in keratinocytes lacking all keratins was analyzed. This 
revealed that K5/K14 support stable desmosomes, whereas expression of “wound healing” 
keratins K6/K17 induce PKCα-mediated desmosome disassembly and subsequent 
destabilization of epithelial sheets accompanied by faster wound closure. Furthermore, 
Bibliography 
 
 
 
analysis of adherens junctions and actin organization in keratin-free keratinocytes 
demonstrated a role of keratins in reorganization of the actin cytoskeleton and maturation of 
adherens junctions. 
This study identified a hitherto unknown mechanism by which keratins control intercellular 
adhesion, with potential implications for wound healing, tumor invasion and keratinopathies, 
settings in which diminished cell adhesion facilitates tissue fragility and neoplastic growth. 
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1 Introduction 
The epidermis is a multi-layered epithelium protecting the body against mechanical stress, 
infections and dehydration by virtue of strong intercellular adhesion among keratinocytes. 
Stable intercellular adhesion and force resilience are controlled by several types of cell 
adhesion complexes, such as adherens junctions and tight junctions attached to the actin 
cytoskeleton and desmosomes, which are connected to keratins. To adapt keratinocyte 
adhesion and function to requirements of differentiation, wound healing and pathogenesis, the 
keratin-desmosome complex requires remodelling at the level of protein composition, 
interactions and posttranslational modifications (Albrecht et al., 2015; Simpson et al., 2011). 
Moreover, the keratin-desmosome scaffold has an additional role in regulating epidermal 
differentiation through crosstalk with growth factors, in addition to mediating intercellular 
adhesion (Homberg and Magin, 2014; Loschke et al., 2015; Simpson et al., 2011). Yet, the 
functional significance of keratins for the regulation of desmosomal adhesion during epidermal 
differentiation and wound healing is not well understood.  
The present thesis aims to address this issue by focusing on the functional analysis of the 
keratin multiprotein family using a keratinocyte cell culture model, which allows gain- and loss 
of function analysis together with in depth biochemical analysis. 
 
1.1 Keratins – domain structure, organization and expression in the 
interfollicular epidermis 
The cytoskeleton of almost all eukaryotic cells is formed by four types of filaments, namely 
actin microfilaments, microtubules, septins and intermediate filaments (Karantza, 2011; 
Mostowy and Cossart, 2012). In mammalian organisms, keratins (K), with 54 encoding genes 
the largest and most complex subgroup of intermediate filament proteins, are predominantly 
expressed in epithelial cells (Pan et al., 2013; Schweizer et al., 2006). The keratin genes are 
organized in two clusters (Figure 1) (Hesse et al., 2004; Magin et al., 2007). In mice, the type 
I keratin cluster (KtyI) is located on chromosome 11D and contains 17 epithelial and 11 hair 
keratins (Figure 1). The type II gene cluster (KtyII), located on chromosome 15F, contains 20 
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epithelial keratins, 6 hair keratins and 1 additional type I keratin, keratin 18 (Hesse et al., 2004) 
(Figure 1). 
 
Figure 1 Keratins are located in two clusters in the mouse genome 
Schematic model of the type I and the type II keratin cluster in the mouse genome [modified (Vijayaraj et al., 2009)] 
Like all intermediate filament proteins, keratins display the same structural organization, which 
consists of a central α-helical rod-domain, flanked by non-α-helical head- and tail-domains 
(Homberg and Magin, 2014) (Figure 2). Keratin polymerization begins with the formation of 
coiled-coiled parallel heterodimers, containing one type I and one type II protein. Heterodimers 
assemble in an antiparallel fashion into tetramers, and through lateral and longitudinal 
association of tetramers into nonpolar 10-12 nm filaments (Homberg and Magin, 2014). Finally, 
keratin intermediate filaments are organized into networks that attach to desmosomes and 
hemidesmosomes, thereby contributing to mechanical and signaling properties of epithelia 
depending on the keratin composition. 
 
 
Figure 2 Domain organization of keratins 
Schematic representation of type I and type II keratins. The α-helical rod domain of type I and type II keratins 
comprises 4 helical segments (1A-2B) that are separated by linker sequences (L1, L12 and L2). The blue boxes 
indicate regions, which are highly conserved among all intermediate filament proteins. The α-helical rod domains 
 Introduction 
  
 
 
 3 
are flanked by non-helical rod and tail domains (grey boxes), containing high-homology (H), special variability (V) 
and high charge (E) segments. Type I keratins are shorter than type I keratins, and lack the H2-segments. Only 
type I keratins contain a caspase (Casp)-cleavage site (Homberg and Magin, 2014).  
The central rod domain is highly conserved among all keratins of the same type, whereas the 
α-helical head and tail domains keratins display only ~ 50 % sequence homology (Fuchs and 
Weber, 1994) (Table 1). The sequence variability of keratin head and tail domains and between 
different keratins contributes to the functional diversity of keratins and provides them with 
unique mechanical and regulatory properties in different epithelial cells. 
Table 1 Alignment 
Analysis of protein sequence identiy between distinct protein domains of typeI and type II keratins based on 
alignment with ClustalX2.1. 
Identity K5/K6b K14/K17 
complete 74,4% 78,5% 
Head 66,9% 54,2% 
Rod 86,1% 88,9% 
Tail 55,9% 50% 
 
In addition to the primary sequence, keratin head and tail domains, and to a lesser extent the 
rod domain, contain numerous posttranslational modification sites contributing to specific 
keratin properties. For example, predicted phosphorylation sites for Akt, Erk1/2, PKCα and 
Rho kinases vary significantly between keratin isotypes (Figure 3, (Loschke et al., 2015)). Post-
translational modifications of keratins including phosphorylation, O-glycosylation, sumoylation, 
ubiquitination, acetylation and cysteine oxidation regulate assembly and disassembly of keratin 
networks, their overall organization and their interactions with cell junctions and associated 
proteins (Loschke et al., 2015) in a keratin-isotype specific manner. The different pattern of 
posttranslational modifications may contribute to the functional diversity as well as differences 
in mechanical and regulatory properties of different keratin pairs (Coulombe and Omary, 2002; 
Herrmann et al., 2003).  
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Figure 3 Predicted phosphorylation sites in selected type I keratins (Loschke et al., 2015) 
Multiple Alignment of the primary amino acid sequence of type I keratins K14, K16, K17 and K15. Predicted 
phosphorylation sites are marked in a color code. 
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In the interfollicular epidermis keratins are expressed in a differentiation dependent manner. 
The basal, proliferative compartment of the epidermis predominantly expresses the keratins 
K5, K14 and K15, which upon terminal differentiation in the upper layers of the epidermis, is 
replaced by K1/K10 (Figure 4). This default pattern is altered during barrier disruption, 
wounding, tissue regeneration and malignant transformation, conditions that require transient 
decreased intercellular adhesion, enhanced proliferation and migration of keratinocytes. In this 
setting, K6, K16 and K17 are rapidly and transiently expressed at the expense of K1/K10 
(Figure 4) (Homberg and Magin, 2014; Loschke et al., 2015). At sites of high mechanical strain 
like the palms of hands and soles, the keratin pair K1/K10 is supplemented by the expression 
of additional keratins K2e and K9 (Homberg and Magin, 2014). Epidermal stem cells are 
located in protected niches, such as the bulge of the hair follicle and are characterized by the 
expression of K15 (Homberg and Magin, 2014).  
 
 
Figure 4 Keratin expression in the epidermis 
Schematic view of keratin expression in the epidermis in a differentiation-dependent manner and after stress or 
injury.  
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1.2 Intercellular junctions of the epidermis 
Intercellular adhesion between keratinocytes in the metabolic active layers of the epidermis is 
predominantly mediated by two specialized intercellular adhesion junctions: adherens 
junctions and desmosomes. Both of these intercellular junctions are essential for epithelial 
sheet formation (Fuchs and Raghavan, 2002). 
The general structure of adherens junctions and desmosomes shares the same principle and 
can be broken down into 3 building blocks: transmembrane cadherins, members of the 
armadillo repeat protein family and cytoskeletal adaptor proteins (Simpson et al., 2011). In 
adherens junctions the classical cadherins P- and E-cadherin (Ecad), single-pass 
transmembrane proteins, constitutes the adhesive core by the homophilic, Ca2+-dependent 
interaction of the extracellular cadherin domains of adjacent cells. The cytoplasmic cadherin-
tails contain binding sites for associated catenins and other regulatory proteins. p120-catenin 
and β-catenin bind directly to the Ecad tail. The cytoskeletal-adaptor, α-catenin binds to β-
catenin and mediates the interaction with the actin cytoskeleton. The adherens junction plaque 
is reinforced through the binding of additional actin-binding proteins like vinculin and α-actinin 
(Figure 5a) (Simpson et al., 2011). Comparable to adherens junctions, desmosomes of 
neighboring cells are connected by the desmosomal cadherins desmoglein (Dsg) and 
desmocollin (Dsc). The desmosomal cadherins have a similar ectodomain structure, but 
variable cytoplasmic domains (Getsios et al., 2004). Like p120- and β-catenin in adherens 
junctions, plakoglobin (PG) and plakophilins (PKP) bind via their armadillo-repeat domains to 
the desmosomal cadherins and recruit the plakin-family member desmoplakin (DP), that 
tethers intermediate filaments, i.e. keratins in epithelial cells, to the desmosomal plaque 
(Figure 5b) (Simpson et al., 2011). 
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Figure 5: Building blocks of adherens junctions and desmosomes 
(a) Adherens junctions link adjacent cells via E-cadherins. α-catenin binds to the actin cytoskeleton. (b) 
Desmosomes link adjacent cells via desmogleins and desmocollins. Desmoplakin binds to keratins. (Fuchs and 
Raghavan, 2002)  
 
Similar to keratins, desmosomal protein expression is compartmentalized during epidermal 
differentiation with predominant expression of Dsg2,3 and Dsc2,3 in the basal and Dsg1 and 
Dsc4 in suprabasal compartments (Figure 6). The amount of desmosomal proteins increases 
during epidermal differentiation, apparently to provide increased intercellular adhesion and 
resilience to force (Simpson et al., 2011) (Figure 6). The precise role for the tissue‐specific 
expression patterns of desmosomal cadherins is not fully understood, but manipulation of 
desmosomal cadherin expression suggests that tight regulation of their expression pattern is 
critical to tissue homeostasis (Delva et al., 2009). In addition, desmosomes are able to switch 
from normal Ca2+-dependent adhesions to a ‘hyper-adhesive’ state where desmosome-
mediated cell–cell adhesion becomes Ca2+-independent (Garrod et al., 2005; Hobbs and 
Green, 2012; Osmani and Labouesse, 2015). In differentiated tissues, most desmosomes 
adopt this hyper-adhesive state, which is essential for their function in maintaining tissue 
integrity under mechanical stress (Osmani and Labouesse, 2015). 
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Figure 6 Epidermal architecture: Differentiation-dependent expression of desmosomal proteins  
Schematic representation of differentiation-specific expression pattern of desmosomal proteins (Kottke et al., 2006). 
1.3 Junction dynamics: assembly, homeostasis, disassembly 
Epithelial remodeling during morphogenesis, wound healing and hyper-proliferative conditions 
requires transient downregulation and new formation of keratins and desmosomes to allow cell 
migration and tissue repair (Coulombe, 2003; Thomason et al., 2012; Wallis et al., 2000). De 
novo assembly in response to an increase of extracellular Ca2+ occurs from a cytoplasmic pool 
of cadherin core and plaque proteins (Desai et al., 2009). The first step in the initiation of cell-
cell contacts is the formation of membrane protrusions (lamellipodia and membrane ruffles). 
Clusters of homophilic cadherin dimers form where membrane protrusions touch (Desai et al., 
2009). In a second step the ligation of E-cadherin triggers reorganization and polymerization 
of cortical actin by directly controlling the recruitment and activation of actin regulators, 
including Rho GTPases, Arp2/3, Cortactin and Wave, to drive further formation and clustering 
of the adherens junction plaque (Cavey and Lecuit, 2009). Rho GTPases act by cycling 
between an inactive GDP-bound and an active GTP-bound conformation. The exchange of the 
bound nucleotide is regulated by guanine exchange factors (GEFs), which initiate the binding 
of GTP and GTPase activating proteins (GAPs), which catalyze the hydrolysis of GTP (Citi et 
al. 2011, Jaffe et al. 2005, Heasman et. al 2008). One of the earliest events is the recruitment 
and activation of phosphoinositide 3-kinase (PI3K), triggered by direct interaction with the 
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adherens junction plaque. PI3K activity leads to the production of phosphatidylinositol (3,4,5)-
triphosphate (PIP3) at the adhesion site. It was shown that Ecad and PIP3 co-accumulate 
rapidly at the site of cell-cell contacts (Rivard, 2009). PIP3 enrichment in the membrane leads 
to the recruitment of the Rac GEFs Tiam1 and Vav2, which bind to PIP3 via their pleckstrin 
homology (PH)-domains and activate downstream the Rho GTPases Rac1 and Cdc42 (Rivard, 
2009). Rac1 and Cdc42 activity promotes the accumulation and activation of actin nucleators 
like, Arp2/3, Cortactin and the Wave complex, which promotes polymerization of branched 
actin filaments (Michael and Yap 2013, Green 2012, Watanabe 2009). Characteristically, Rac1 
is activated as an early transient response to homophilic cadherin ligation, preferentially at 
sites where contacts are being assembled and actin polymerization is required. This is later 
replaced by Rho activity to mediate myosin activity and filament elongation (Niessen et al., 
2011; Yamada and Nelson, 2007). Acto-myosin contractility is needed for the stabilization and 
maturation of the adhesive interface and seems to involved regulation of actin cytoskeleton 
organization. The branched actin network is replaced by parallel contractile bundles, which 
goes along with the depletion of factors promoting branched networks (Rac1, Arp2/3 and 
Cortactin) and accumulation of factors which induced unbranched actin elongation, like 
Formin-1, mDia1 and Ena/Vasp from mature adherens junctions. Additionally, the 
accumulation of α-catenin at adherens junctions leads to local inhibition of Arp2/3 (Cavey and 
Lecuit, 2009; Yamada and Nelson, 2007). Rho-mediated myosin-II activity further stabilizes 
cell junctions by inhibition of protrusions through alignment of actin filaments parallel to the 
membrane. Furthermore, myosin II-mediated tension along cell contacts brings the plasma 
membranes of adjacent cells in close proximity and favors homophilic cadherin interactions 
and clustering of cadherins (Cavey and Lecuit, 2009). In contrast to the well understood 
mechanisms regulating AJ assembly and subsequent actin organization, the corresponding 
mechanisms involved in desmosome formation are largely unknown. In particular, the 
interdependence of keratins and desmosomes and its significance in overall adhesion and in 
settings including wounding and barrier formation are not clear. Classical and desmosomal 
cadherins are constantly synthesized and delivered to the plasma membrane in part via a long-
range microtubule-dependent process (Desai et al., 2009; Nekrasova and Green, 2013). 
Furthermore, the translocation of DP to maturing desmosomes requires the actin and keratin 
cytoskeleton (Godsel et al., 2005). Desmosome formation and remodeling is regulated by 
posttranslational modifications, in particular by a series of phosphorylation events involving 
cadherins and the DP carboxyterminus (Kowalczyk and Green, 2013). Phosphorylation of DP 
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at Ser2849, a site close to the keratin-binding domain of DP (Choi et al., 2002), is involved in 
desmosome assembly as well as desmosome remodeling in response to wound healing 
(Green and Simpson, 2007; Wallis et al., 2000). Protein kinase C alpha (PKCα) has been 
implicated in desmosome assembly and disassembly. During the initiation of cell adhesion, the 
formation of a complex including PKP2 and DP favors DP phosphorylation and modulates its 
association to intermediate filaments to drive desmosome assembly (Bass-Zubek et al., 2008). 
Although a phospho-deficient mutant DP S2849G impairs desmosome formation by retaining 
DP on intermediate filaments (Bass-Zubek et al., 2008; Godsel et al., 2005; Stappenbeck et 
al., 1994), once incorporated into desmosomes this mutant confers strong intercellular 
adhesion on keratinocyte cell sheets (Hobbs and Green, 2012). This indicates that 
phosphorylation of the DP C-tail has a dual role, in facilitating incorporation in the desmosomal 
plaque, whereas PKCα-mediated phosphorylation induces desmosome disassembly during 
wound healing at the same time (Thomason et al., 2012). The mechanisms upstream of PKCα-
activation remain only partially understood. 
 
1.4 Ca2+ switch: A way to study differentiation and junction 
dynamics in vitro 
Calcium is a major regulator of keratinocyte differentiation in vivo and in vitro. Calcium forms 
a gradient within the epidermis, with the highest concentration in the stratum granulosum (Bikle 
et al., 2012; Hohl, 1990) (Figure 7). Cultured keratinocytes are an established model to study 
differentiation, because most of the epidermal differentiation program can be recapitulated in 
cell culture (Green, 1977; Steinert and Yuspa, 1978; Watt et al., 1984). Human and mouse 
keratinocytes cultured in vitro at a low calcium concentration (e.g., 0.03 mM) retain a basal, 
proliferative phenotype, while addition of calcium >0.1 mM triggers their differentiation (Bikle 
et al., 2012; Hennings et al., 1980; Yuspa et al., 1989). After increasing the extracellular 
calcium concentration, the cells rapidly undergo morphological changes, stop proliferation, 
develop cell-cell contacts and undergo differentiation (Bikle et al., 2012; Hennings et al., 1980; 
Li, 2013) (Figure 7). Keratinocytes cultured in low calcium fail to assemble cell-cell contacts. 
Increasing the Ca2+-concentration induces adherens junctions within 5 min and desmosome 
formation within 2 h (Kitajima, 2014; Sheu et al., 1989; Watt and Green, 1982). In addition to 
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stabilizing the transdimer interaction of cadherins (Getsios et al., 2004; van Roy and Berx, 
2008), an increase in extracellular Ca2+ concentration activates a Ca2+ - sensing receptor (CaR) 
(Kitajima, 2014; Tu et al., 2001; Tu et al., 2007; Tu et al., 2008) and causes a rapid and 
sustained increase in intracellular Ca2+ concentration (Sharpe et al. 1989). Furthermore, 
downstream activation of phospholipase C and inositol phospholipid turnover leads to the 
production of diacylglycerol and inositol 1,4,5-triphosphate (IP3) and activation of PKC (Sheu 
et al., 1989; Xie and Bikle, 2007). Calcium switching is an accepted method to study the 
assembly of cell-cell contacts in cell culture (Bikle et al., 2012; Watt et al., 1984). On chelation 
of extracellular Ca2+, calcium-dependent desmosomes have been shown to split into half 
desmosomes that are rapidly internalized by the cells (Mattey and Garrod, 1986; McHarg et 
al., 2014). Although Ca2+ chelation is an unphysiological process, it is used to study breakdown 
of junctions (Kartenbeck et al., 1982; Mattey and Garrod, 1986; Mattey et al., 1987; McHarg et 
al., 2014).  
 
 
Figure 7 Ca2+ gradient in the epidermis 
Schematic model of the Ca2+-gradient in the epidermis. The Ca2+-concentration increase in 
differentiated, suprabasal layers in the living epidermis. Increasing the Ca2+-concentration in cell culture 
stops proliferation and induces differentiation [modified (Nakamura and Fukami, 2009)]. 
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1.5 Wound healing: A role for desmosomes and keratins 
During epidermal injury, re-epithelialization is the most crucial process, as its failure underlies 
chronic, non-healing wounds, a clinically highly relevant problem (Gurtner et al., 2008). Re-
epithelialization involves altered adhesion, migration and proliferation of keratinocytes at the 
wound edge to enable wound closure and restoration of the epidermal barrier (Shaw and 
Martin, 2009). Among the earliest detectable changes in keratinocytes at the wound margin 
are upregulation of keratins 6, 16 and 17, diminished contact of keratins to desmosomal 
proteins and loss of desmosome hyper-adhesion (Raja et al., 2007; Shaw and Martin, 2009). 
It was shown before that PKCα translocates from the cytoplasm to the desmosomal plaque 
upon wounding (Garrod et al., 2005; Wallis et al., 2000). Delayed wound healing in PKCα-/- 
mice supports a major contribution of PKCα in regulating desmosome adhesion. Conversely, 
overexpression of PKCα accelerated wound healing by decreasing desmosome adhesion 
(Thomason et al., 2012). Internalization of desmosomes might be essential to allow cell 
migration and epidermal reconstructing. Furthermore upregulation of K6, K16 and K17 
presumably endowing the cell with a more pliable cytoskeleton that favours keratinocyte 
migration for wound closure (DePianto and Coulombe, 2004; Magin et al., 2007; Paladini et 
al., 1996). Accordingly, loss of K6 as well as of K17 leads to impaired wound closure in vivo 
(Mazzalupo et al., 2003; Wojcik et al., 2000). In addition it was shown that K6 controls 
keratinocyte migration through regulation of Src kinase activity (Rotty and Coulombe, 2012). 
Whether keratin-isotype expression also regulates desmosome dynamics during wound 
healing has not been examined  
 
1.6 The keratin-desmosome scaffold in pathological conditions 
Perturbation of the keratin–desmosome complex severely compromises cell and tissue 
integrity, exemplified by missense or loss-of-function mutations in corresponding genes of 
humans and mice (Jonkman et al., 2005; Magin et al., 2004; McMillan and Shimizu, 2001; 
Simpson et al., 2011). K5 or K14 mutations affect the cytoskeleton, giving rise to epidermolysis 
bullosa simplex (EBS), a skin blistering disease (Coulombe et al., 1991). In a similar fashion 
mutations in DP and PKP1 disrupt intercellular adhesion, resulting in skin fragility and are 
associated with diseases like palmoplantar keratoderma and ectodermal dysplasia-skin 
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fragility syndrome (Ishida-Yamamoto and Igawa, 2014; Jonkman et al., 2005; McMillan and 
Shimizu, 2001; Simpson et al., 2011). Conversely, deletion of individual keratins did not appear 
to affect desmosomes (Hesse et al., 2000; Magin et al., 1998; Roth et al., 2012b). However, 
combined deletion of both K1 and K10 resulted in smaller desmosomes (Wallace et al., 2012) 
and deletion of the entire keratin protein family affected both desmosome size and distribution 
in embryonic yolk sac tissue (Vijayaraj et al., 2009).  
Furthermore, loss of DP in extraembryonic tissues or in the epidermis causes a collapse of the 
keratin cytoskeleton and weakened intercellular adhesion (Gallicano et al., 1998). In these 
settings, the respective contribution of keratins and desmosomal proteins and mechanisms by 
which they maintain architectural and signaling functions are not well understood. To 
complicate the issue, DP-deficient keratinocytes have fewer desmosomes and display 
alterations in keratin and actin organization (Vasioukhin et al., 2001). Furthermore, in the 
autoimmune blistering skin disease pemphigus vulgaris (PV) pathogenic autoantibodies 
against Dsg1 or Dsg3 (PV-IgG) led to unstable desmosomes by inducing internalization of 
Dsg1 and Dsg3, accompanied by the collapse of the keratin cytoskeleton (Amagai and Stanley, 
2012; Saito et al., 2012; Spindler et al., 2007; Spindler et al., 2013; Yamamoto et al., 2007).  
The downregulation of desmosomes preceding loss of Ecad during epithelial–mesenchymal 
transition (EMT) in epithelial cancers, including skin, head and neck, gastric, colorectal, 
bladder, breast, prostate, cervical and endometrial cancers (Dusek and Attardi, 2011) suggests 
an important role of the keratin–desmosome complex in the maintenance of an epithelial 
phenotype. However, the molecular mechanisms how individual keratins and the organization 
of the keratin network modulate desmosomal adhesion is not well understood. The complex 
expression pattern of keratins complicates the investigation of isotype specific functions 
because of compensatory expression of other keratins after single keratin knockout. 
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2 Aim 
The aim of the present study was to analyze the global and isotype-specific contribution of 
keratins to the formation, stability and remodeling of cell-cell contacts. To that end, mouse 
keratinocyte cell lines that lack all keratins or re-express single keratin isotypes, together with 
respective control cells were generated and characterized. This study focuses on the analysis 
of desmosome assembly, disassembly and stability in cultured keratinocytes as well as on the 
role of the keratin-desmosome complex in regulation of the cellular response after mechanical 
stress. 
 
Specifically, this thesis aims to provide answers to the following questions: 
 
 Do cell-cell contacts form in the absence of keratins and if so, how stable are they? 
 What is the molecular mechanism by which keratins control cell-cell contacts? 
 Are there isotype-specific functions of keratins in regulation of cell-cell adhesion? 
 Is there a cross-talk between adherens junctions and desmosomes in keratin-free 
cells? 
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3 Materials and Methods 
3.1 Materials 
3.1.1 Chemicals and general lab material  
If not otherwise stated, all chemicals were purchased from Applichem (Darmstadt, Germany), 
Invitrogen Life Technologies (Karlsruhe, Germany), GibcoBRL (Karlsruhe, Germany), Carl 
Roth (Karlsruhe, Germany), Grüssing (Filsum, Germany), Sigma Aldrich (Deisenhofen, 
Germany), Roche (Basel, Switzerland), Thermo Fisher Scientific (Waltham, USA) and Merck 
(Darmstadt, Germany). All plastic ware, sterile cell culture ware, pipet tips, tubes and sterile 
filters were purchased from Sarstedt (Nümbrecht-Rommelsdorf, Germany), BD Biosciences 
(San Jose, USA), Corning (Tewksbury, USA), TPP (Trasadingen, Switzerland) and VWR 
(West Chester, USA). Glass coverslips were purchased from Carl Roth or Menzel-Gläser 
(Braunschweig, Germany) and glass slides from Karl Hecht GmbH & Co KG (Sondheim, 
Germany). Whatman filter paper and Protran nitrocellulose membranes were purchased from 
VWR.  
3.1.2 Ready-to-use reagents/solution 
Ethidiumbromide, 10 mg/ml (Sigma) 
Immunoselect Antifading mounting medium (Dianova) 
ProLong® Gold antifade reagent (Invitrogen Life Technologies) 
Protein-G-Agarose Beads (Pierce) 
Streptavidin-Agarose Beads (Pierce) 
Glutathion-Agarose Beads (Pierce) 
TEMED (Applichem) 
TRI Reagent® (Sigma) 
3.1.3 Kits 
DNaseI, RNase-free (Fermentas) 
RevertAid H Minus First Strand cDNA Synthesis Kit (Thermo Scientific) 
Maxima SYBR Green qPCR Master Mix (2x) (Thermo Scientific) 
Nucleobond Xtra-plasmid Midiprep (Macherey-Nagel) 
Xfect Transfection Reagent (Clontech) 
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Xfect siRNA Transfection Reagent (Clontech) 
Duolink In Situ Red Starter kit (Olink Bioscience) 
Lactate Dehydrogenase (LDH) AssayKit (Colorimetric) (Abcam) 
 
3.1.4 Solutions 
3.1.4.1 Keratinocyte cell culture  
Table 2 Solutions used for keratinocyte cell culture 
Name Final concentration Constituents and their amounts 
Collagen I 50 μg/ml 3.75 mg/ml Collagen I (rat tail, 
Invitrogen) in 0.02 N acetic acid 
FAD Medium  FAD medium (DMEM/Ham’s F12) with 
50 μM Ca2+ (PAA) 
FCS Gold (PAA) 
(fetal bovine serum) 
 To remove calcium ions, serum was 
pretreated with 8 g / 50 ml Chelex 100 
(Bio-Rad) overnight on a rotating wheel 
at 4°C. Procedure was 1x repeated 
followed by sterile filtration (0.1 μm 
filter). 
Keratinocyte medium  
10% 
1x 
0.18 mM 
 
0.5 μg/ml 
 
 
5 μg/ml 
 
10 ng/ml 
100 pM 
 
0.5x 
460 ml DMEM/Ham’s F12  
50 ml FCS (Chelex treated) 
5 ml GlutaMax (100x) (Invitrogen) 
2 ml 45 mM adenine (Sigma) in  
0.05 N HCl 
250 μl 1 mg/ml hydrocortison in EtOH 
(Sigma) 
500 μl 5 mg/ml insulin (Sigma) in 
5 mM HCl 
500 μl 10 μg/ml EGF (Sigma) in FAD 
5 μl 1 μM cholera toxin (Sigma) in sterile 
water 
2.5 ml 100x penicillin/streptomycin 
(Invitrogen) 
Keratinocyte freezing 
medium 
10% 
90% 
5 ml DMSO 
45 ml FCS (Chelex treated) 
Aliquoted and stored at -20°C. 
Trypsin solution  
0.025 % 
 
0.025% 
468 ml cell culture grade PBS 
27 ml ES-EDTA-Solution (1.85 g/l in cell 
culture grade water) 
5 ml trypsin, 2.5% 
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Solution was stored at -20°C. 
 
3.1.4.2 DNA analysis  
Table 3: Solutions used for DNA analysis 
Name Final concentration Constituents and their amounts 
Sodium acetate 3 M 40.82 g  
Sodium acetate in 100 ml water. pH was 
adjusted to 5.2 with acetic acid and 
stored at room temperature (RT). 
DNA loading 
buffer (10x) 
 
30 % 
100 mM 
0.25 % 
0.25 % 
0.25  
 
Ficoll Type 400 
3.72 g EDTA 
125 mg bromphenolblue 
125 mg xylenecyanol 
Orange G 
20% SDS 
Proteinase K 
lysis buffer 
 
100 mM 
5 mM 
0.2% 
200 mM 
10 ml of 1 M Tris-HCl 
1 ml of 0.5 M EDTA 
1 ml SDS-solution, 20 % 
4 ml 5 M NaCl 
The above ingredients were added to 84 
ml of Dnase/Rnase free water and stored 
as 10 ml aliquots at -20°C. 
Proteinase K 
solution 
20 mg/ml 1 g Proteinase K (Applichem, 
A38300025) was added to 50 ml 
Dnase/Rnase free water, aliquoted and 
stored at -80°C. 
RNase 
solution 
20 mg/ml 500 mg RNase was dissolved in 25 ml 
sterile water and heated for 15 min at 
95°C. Aliquoted and stored at -80°C. 
TAE (50x) 2 M 
5.71% 
50 mM 
242 g Tris-base 
57.1 ml acetic acid 
14.61 g EDTA 
Dissolved in 1 l water and pH adjusted to 
8.1-8.3. 
TBE (10 x) 900 
mM 
 
900 mM 
25 mM 
25 mM 
109 g Tris-base 
55.6 g boric acid 
0.93 g EDTA 
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 Dissolved in 1 l water and pH adjusted to 
8.3. 
TE buffer 
 
10 mM 
1 mM 
 
121 mg Tris 
37.2 mg EDTA 
Dissolved in 100 ml sterile water, pH 
adjusted to 8.0 and sterilized by 
autoclaving. Stored at RT. 
10x Phosphate 
buffered saline 
(PBS) 
137 mM 
2.7 mM 
10 mM 
2 mM 
 
40 g NaCl 
1 g KCl 
89 g Na2HPO42H2O 
12 g KH2PO4 
Salts were dissolved in 4.5 l water, pH 
was adjusted to 7.4 with HCl, and volume 
was adjusted to 5 l with water and 
autoclaved. Stored at RT. 
Magnesium  
chloride 
1 M 
 
101.65 g MgCl2 
in 500 ml water 
 
3.1.4.3 Cytoskeletal preparation 
Table 4: Solutions used for cytoskeletal preparation 
Name Final concentration Constituents and their amounts 
10x Phosphate-
buffered saline (PBS) 
137 mM 
2.7 mM 
10 mM 
2 m 
40 g NaCl 
1 g KCl 
89 g Na2HPO4•2H2O 
12 g KH2PO4 
Salts were dissolved in 4.5 l water, pH 
was adjusted to 7.4 with HCl, and 
volume was adjusted to 5 l with water 
and autoclaved. 
Stored at RT. 
Low-Salt buffer 10 mM 
140 mM  
5 mM 
5 mM 
0.5 % 
Tris-HCl, pH7.6 
NaCl 
EDTA 
EGTA 
Triton-X-100 
Solution was stored at 4°C 
High-Salt buffer 10 mM 
140 mM 
1.5 M 
Tris-HCl, pH7.6 
NaCl 
KCl 
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5 mM 
5 mM 
1 %  
EDTA 
EGTA 
Triton-X-100 
Solution was stored at 4°C 
5x Laemmli sample 
buffer  
50 mM 
5% 
40 mM 
5 mM 
5 mM 
20% 
0.01% 
sodium phosphate pH 6.8 
SDS 
DTT 
EDTA 
EGTA 
glycerol 
bromphenol blue 
Solution was stored at -20°C and 
freeze / thawed not more than 5 times. 
 
3.1.4.4 Immunofluorescence analysis 
Table 5: Solutions used for immunofluorescence analysis 
Name Final concentration Constituents and their amounts 
Blocking solution 1% 
1x 
1 g BSA fraction V 
10 ml 10x TBS 
Volume was made up to 100 ml with 
water. Solution was aliquoted and 
stored at -20°C. 
4% formaline 
solution 
4% 
1x 
4 g paraformaldehyde (PFA) 
10 ml 10x PBS 
Dissolved in 100 ml sterile water, pH 
adjusted to 7.5. Always prepared fresh. 
10x Phosphate-
buffered saline (PBS) 
137 mM 
2.7 mM 
10 mM 
2 mM 
40 g NaCl 
1 g KCl 
89 g Na2HPO4*2H2O 
12 g KH2PO4 
Salts were dissolved in 4.5 l water, pH 
was adjusted to 7.4 with HCl, and 
volume was adjusted to 5 l with water 
and autoclaved. 
Stored at RT. 
TBS-Triton 0,1% 
1x 
0.1 ml Triton X 
10 ml 10x TBS 
Volume made up to 100 ml with water. 
10x Tris 
buffered 
saline (TBS) 
0.1 M 
1.5 M 
12.1 g Tris 
87.6 g NaCl 
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Contents were dissolved in 750 ml 
water, pH was adjusted to 7.5 and the 
volume was made up to 1 l. Solution 
was sterilized by autoclaving and stored 
at RT. 
 
3.1.4.5 Protein biochemistry 
Table 6: Solutions used for protein biochemistry 
Name Final concentration Constituents and their amounts 
APS 10% 10% 1 g ammonium persulfate in 10 ml water. 
Stored at 4°C for not longer than 1 month.  
Blocking solution 2.5% 
1x 
0.05% 
2,5 g skimmed milk (Sukofin) 
10 ml 10x TBS 
50 µl Tween 20 
Volume was made up to 100 ml with H2O. 
Coomassie 
destaining solution 
10% 
30% 
50 ml acetic acid 
150 ml methanol 
Solution made up to 500 ml with water 
Coomassie staining 
solution 
0.4% 
5% 
40% 
1.0 g Coomassie Brilliant Blue G-250 
25 ml acetic acid 
200 ml methanol 
Volume was adjusted to 500 ml with 
distilled water, filtered through a 
Whatman filter paper and stored at RT. 
Solution was reused various times. 
ECL 1.25 mM 
 
6.7 mM 
50 mg Luminol in 200 ml 0.1 M Tris-HCl; 
pH8.6 (solution A) 
11 mg para-hydroxycoumaric acid in 10 
ml DMSO (solution B) 
Before use, 1 ml solution A was mixed 
with 100 µl solution B and 0.3 µl H2O2. 
5x Laemmli sample 
buffer  
50 mM 
5% 
40 mM 
5 mM 
5 mM 
20% 
0.01% 
sodium phosphate pH 6.8 
SDS 
DTT 
EDTA 
EGTA 
glycerol 
bromphenol blue 
Solution was stored at -20°C and 
freeze / thawed not more than 5 times. 
Lower Tris buffer 1.5 M 181.7 g Tris 
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0.4% 4 g SDS 
Volume was made up to 1 l after adjusting 
to pH 8.8, sterile filtered and stored at 
4°C. 
Ponceau S staining 
solution 
0.5% 
3% 
0.5 g Ponceau S 
3 ml acetic acid 
Contents were dissolved in 100 ml 
distilled water and filtered; Solution was 
stored in dark at RT. 
SDS-running buffer 
(1x Laemmli buffer) 
23 mM 
190 mM 
0.1% 
2.78 g Tris Base 
14.26 g glycine 
5 ml 20% SDS stock 
The contents were mixed in 1 l water and 
pH was adjusted to 8.8. Stored at RT. 
Transfer buffer  
(1x Towbin buffer) 
25 mM 
192 mM 
0.1% 
10% 
3.028 g Tris 
14.41 g Glycine 
1 g SDS 
100 ml methanol 
The contents were dissolved in 1 l water, 
and pH was adjusted to 8.8. Solution was 
stored at RT. 
10x Tris-buffered 
saline (TBS) 
0.1 M 
1.5 M 
12.1 g Tris 
87.6 g NaCl 
Contents were dissolved in 750 ml water, 
pH was adjusted to 7.5 and the volume 
was made up to 1 l. Solution was 
sterilized by autoclaving and stored at RT. 
Upper Tris buffer 0.5 M 
0.4% 
15.1 g Tris-base 
1 g SDS 
Volume made up to 250 ml after adjusting 
pH to 6.8, sterile filtered and stored at 
4°C. 
Western washing 
buffer 1 
1x 
0,05% 
100 ml 10x TBS 
500 µl Tween 20 
Western washing 
buffer 2 
1x 
0,05% 
0,25% 
100 ml 10x TBS 
500 µl Tween 20 
2,5 ml Triton x-100 
 
3.1.4.6 Surface biotinylation 
Table 7: Solutions used for surface biotinylation 
Name Final concentration Constituents and their amounts 
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Wash solution 1x 
0.1 g/l 
0.0132 g/l 
PBS 
MgCl2 
CaCl2 
Biotin-labeling solution 1.5 mg/ml 
1x 
0.1 g/l 
0.0132 g/l 
EZ-Link Sulfo-NHS-LC-Biotin 
(Pierce) 
PBS 
MgCl2 
CaCl2 
Quenching buffer 100 mM 
1x 
0.1 g/l 
0.0132 g/l 
Glycine 
PBS 
MgCl2 
CaCl2 
RIPA buffer 10 mM 
150 mM 
5 mM 
2 mM 
1% 
0.1% 
0.5% 
 
Na2HPO 
NaCl (5M stock) 
EDTA (500 mM stock) 
EGTA (500mM stock) 
Triton-X-100 
SDS (20% stock) 
Sodium deoxycholate 
The contents were mixed in 100 ml 
water and pH was adjusted to 7.4. 
Stored at 4°C 
3.1.4.7 Immunoprecipitation 
Table 8: Solutions used for immunoprecipitation 
Name Final concentration Constituents and their amounts 
RIPA buffer  10 mM 
150 mM 
5 mM 
2 mM 
1% 
0.25% 
1% 
0.1 mM 
Na2HPO 
NaCl (5M stock) 
EDTA 
EGTA 
Triton-X-100 
SDS (20% stock) 
Sodium deoxycholate 
DTT 
Wash buffer 1 50 mM 
150 mM 
0.1 mM 
0.5% 
Tris-HCl 
NaCl (5M stock) 
EDTA (500 mM stock) 
Tween-20 
Wash buffer 2 100 mM 
200 mM 
2 M 
0.5% 
Tris-HCl 
NaCl (5M stock) 
Urea 
Tween-20 
Wash buffer 3 1%  Triton-X-100 
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3.1.4.8 Cell fractionation 
Table 9: Solutions used for cell fractionation 
Name Final concentration Constituents and their amounts 
Lysis buffer  20 mM 
5 mM  
2 mM  
Tris-HCl 
EDTA 
EGTA 
The contents were mixed in 100 ml water 
and pH was adjusted to 7.5. Stored at 4°C 
Resuspension buffer 1 % 
20 mM 
5 mM 
2 mM 
Triton-X-100 
Tris-HCl 
EDTA 
EGTA 
The contents were mixed in 100 ml water 
and pH was adjusted to 7.5. Stored at 4°C 
 
3.1.4.9 Bacterial Cultures  
Table 10: Solutions used for Bacterial Cultures 
Name Final concentration Constituents and their amounts 
Ampicillin solution 
 
200 µg/ml 10 g ampicillin in 50 ml of water. Sterile 
filtered. End concentration used was 200 
mg/ml. 
Kanamycin solution 100 µg/ml 10 g kanamycin in 100 ml of water. Sterile 
filtered. End concentration used was 100 
mg/ml 
LB Agar 
 
2% 
 
1 l LB Medium 
32 g LB Agar in 1 l water  
Sterilized by autoclaving. Antibiotics were 
added at 55°C and plates were poured. 
LB Medium  25 g LB medium was dissolved in 1 l water and 
sterilized by autoclaving. 
 
 
3.1.4.10 G/F-actin Assay 
Table 11 Solutions used for G/F-actin Assay 
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Name Final concentration Constituents and their amounts 
Actin stabilization 
buffer 
0.1 M 
30% 
5 % 
1 mM 
1 mM 
1 % 
1 mM 
PIPES 
Glycerol 
DMSO 
MgSO4 
EGTA 
Triton-X-100 
ATP 
The contents were mixed in 100 ml water 
and pH was adjusted to 6.9. Stored at 4°C 
Actin 
depolymerization 
buffer 
0.1 M 
1 mM 
10 mM 
5 µM 
PIPES 
MgSO4 
CaCl2 
Cytochalasin D 
The contents were mixed in 100 ml water 
and pH was adjusted to 6.9. Stored at 4°C 
 
3.1.5 Primer 
Table 12: Primer 
PCR primer sequence (5‘-3‘) source 
K5 fw: AGTGGGGAAGGAGTTGGAC 
rev: CGCTACCCAAACCAAGACC 
Magin lab 
K6a fw: TCGTGACCCTGAAGAAGG 
rev: TGCTTCATAGAGAGCTCTC 
Magin lab 
K14 fw: TCCCAATTCTCCTCATCCTC 
rev: TAGTTCTTGGTGCGCAGGAC 
Magin lab 
K15 fw: CG ACTAGTCTGCAGGCTGCTTTCAGTC 
rev: 
CGGGATCCTTACTTATCGTCATCGTCCTTATAGTCGATTT 
CTCTCTTACGGGAAG 
Magin lab 
Q-PCR primer sequence (5‘-3‘) source 
α-catenin fw: CCACGCAGGCAACATAAACTT 
rev: ACGGCCCTTTACTATTGGTGT 
Magin lab 
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Ecad fw: CAGGTCTCCTCATGGCTTTGC 
rev: CTTCCGAAAAGAAGGCTGTCC 
Magin lab 
Dsc1 fw: CTTTTCTTTCTCCTGGTTCTGGTATT 
rev: GAGGGAACGTGAAGGGAAACT 
Magin lab 
Dsc3 fw: CCACCGTCTCTCACTACATGGA 
rev: TGTCCTGAACTTTCATTATCAGTTTGT 
Magin lab 
Dsg1 fw: TCACCCCCTTTTTCATTATCTACTG 
rev: GTGGATTCTCCAAGTCTTGACCTT 
Magin lab 
Dsg2 fw: CCCGATTGCCAAGATACACT 
rev: AAGGGCTTTTCCAGGTTGTT 
Magin lab 
Dsg3 fw: TTTGCAAAACCCTGCAGAGA 
rev:CTGAAGTGATCTTGGCAATTGG 
Magin lab 
DP1,2 fw: CACCGTCAACGACCAGAACTC 
rev: GATGGTGTTCTGATTCTGATGTCTAGA 
Magin lab 
GAPDH fw: GTGTTCCTACCCCCAATGTG 
rev: AGGAGACAACCTGGTCCTCA 
Magin lab 
Keratin 5 fw: AGTGGGGAAGGAGTTGGAC 
rev: CGCTACCCAAACCAAGACC 
Magin lab 
Keratin 6a fw: TCGTGACCCTGAAGAAGG 
rev: TGCTTCATAGAGAGCTCTC 
Magin lab 
Keratin 6b fw: GAGAATGAATTTGTAACCGTG 
rev: GCCTCATAAATAACTCTCAGG 
Magin lab 
Keratin 
6a/b 
fw: CTGTCTCAGATGCAAACTCAC 
rev: GTCTGCCAGCTGTGACCTG 
Magin lab 
Keratin 14 fw: TCCCAATTCTCCTCATCCTC 
rev: TAGTTCTTGGTGCGCAGGAC 
Magin lab 
Keratin 16 Fw: GTGAAGATCCGGGACTGGTA 
Rev: CATTCTCCTGGGTGGCAATA 
Magin lab 
Keratin 17 fw: GCTGTCTCAGATCCAGGGGCTG 
rev: GGTCACAGGTTCTTTTGGCTTG 
Magin lab 
PG fw: TTCCGGCTCAACACCATTC Magin lab 
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rev: CGCTGGATGTTCTCCACAGA 
PKP1 fw: CAGATGCCATCCGGACCTAC 
rev: CCATTGGACATCAGCCCCTT 
Magin lab 
PKP2 fw: TGATGAGAAGGTGTGATGGTC 
rev: GCTGGTAGGAGAGGTTATGAAG 
Leitner et al. 
JCS 2012 
PKP3 fw: CAAAAATGTTACAGGGATCCTATGG 
rev: GGCGAGGCGGTCCTTTAG 
Magin lab 
p120 fw: CGAACCTCGCTGGATTTGTC 
rev: AACCGGCCGTTCTCAAATGT 
Magin lab 
PTEN fw: AATTCCCAGTCAGAGGCGCTATGT 
rev: GATTGCAAGTTCCGCCACTGAA 
Magin lab 
Tiam1 fw: AGACGGTTCCAAGCAGAAG 
rev: TCCGTTTTGAGGAGCTGTCT 
Magin lab 
 
3.1.6 Antibodies 
Table 13: Primary antibodies 
Primary antibodies dilution IF/WB Host source 
α-catenin 1:100/1:1000  Rabbit Sigma Aldrich 
β-actin 1:1000 (WB) Mouse Sigma Aldrich 
β-catenin 1:100/1:1000  
 
Mouse Transduction 
Laboratories 
Desmoplakin1,2 1:150/1:1000 guinea pig PSL Heidelberg 
Rackwitz 
Desmoplakin (Il-5F) 
(detects isoforms 1+2) 
1:150 (IF) Mouse D.Garrod, 
Manchester (UK) 
Desmoglein 3.1 
(detects isoforms 1+2) 
1:10 /1:100 Mouse Progen, 
Heidelberg 
E-cadherin (ECCD-2) 1:1000 (IF) Rat Invitrogen 
Keratin 14 1:100/1:25000 Rabbit Magin lab 
Keratin 5 (head domain) 1:100 (IF) guinea pig Betz et al., 2006 
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Keratin 5 
 
1:30000 (WB) Rabbit PSL Heidelberg 
Rackwitz 
Keratin 6 1:400 /1:50000 Rabbit PSL Heidelberg 
Rackwitz 
Keratin 16 1:100/1:50000 Rabbit PSL Heidelberg 
Rackwitz 
Keratin 17 1:100/1:50000 Rabbit PSL Heidelberg 
Rackwitz 
Myosin-light Chain (MLC) 1:1000 (WB) Rabbit Cell signaling 
Phospho-MLC 1:1000 (WB) Rabbit Cell signaling 
Proteinkinase C α 1:1000 (WB) Rabbit Epitomics 
Plakoglobin (PG5.1) 1:10 (IF) Mouse Progen, 
Heidelberg 
Plakophillin 1  1:100/1:1000  Mouse Epitomics 
Plakophilin 3 1:100/1:1000  Mouse Santa Cruz 
Biotechnology 
p120-catenin 1:100/1:1000  Mouse Santa Cruz 
Biotechnology 
Phospho-Serin 1:1000 (WB) Rabbit Abcam 
Rack1 1:100/1:1000  Mouse Santa Cruz 
Biotechnology 
Rac1 1:1000 (WB) Mouse BD Biosciences 
PTEN 1:1000 Rabbit Cell signaling 
Tubulin 1:12000 (WB) Mouse Sigma Aldrich 
Vimentin 1:100 (IF) Rabbit Magin lab 
Vinculin 1:500 (IF) Mouse Sigma 
 
Table 14 Secondary antibodies 
Secondary antibodies dilution Host source 
anti-mouse-, anti-rabbit-, anti-rat-, 
anti-guinea-pig-DL488, 549 
1:800 donkey Dianova, Hamburg 
anti-mouse-, anti-rabbit-, anti-rat-, 
anti-guinea-pig-DL649 
1:100 donkey Dianova, Hamburg 
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anti-mouse-, anti-rabbit-HRP 1:20000 donkey Dianova, Hamburg 
 
3.1.7 DNA and protein standards 
For DNA gel electrophoresis a DNA ladder mix (SM0331, Thermo Scientific) was used. The 
PageRulerTM unstained protein ladder (SM0661, Thermo Scientific) was used as protein 
standard for SDS-PAGE (all standards are shown in Figure 8). 
 
 
Figure 8 DNA and protein standards  
 
 
 
3.1.8 Cell lines 
Table 15: Cell lines 
Genotype Description Source 
WT spontaneous immortalized 
keratinocyte cell line derived from 
C57Bl6 KtyII flox/+ mice (E18.5) 
generated by W. Roth 
(Magin lab) 
KtyII-/- spontaneous immortalized 
keratinocyte cell line derived from 
C57Bl6 KtyII -/- mice (E 18.5) 
generated by W. Roth 
(Magin lab) 
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KtyI-/- spontaneous immortalized 
keratinocyte cell line derived from 
C57Bl6 KtyI-/- mice (E 18.5) 
generated by V. Kumar 
(Magin lab) 
KtyII-/- K5 Lentiviral transduction of KtyII-/- cells 
(pLVx-IRESpuro-mKeratin5) 
generated by F. Loschke and 
M. Lederer (Hüttelmaier lab) 
KtyII-/- GFP Lentiviral transduction of KtyII-/- cells 
(pLVx-IRESpuro-eGFP) 
generated by F. Loschke and 
M. Lederer (Hüttelmaier lab) 
KtyII-/- K6b Lentiviral transduction of KtyII-/- cells 
(pLVx-IRESpuro-mKeratin6b) 
generated by F. Loschke and 
M. Lederer (Hüttelmaier lab) 
KtyI-/- K14 Lentiviral transduction of KtyI-/- cells 
(pLVx-IRESpuro-mKeratin14) 
generated by M. Homberg 
(Magin lab) and M. Lederer 
(Hüttelmaier lab) 
KtyI-/- K17-HA Lentiviral transduction of KtyI-/- cells 
(pLVx-IRESpuro-mKeratin17-HA) 
generated by M. Homberg 
(Magin lab) and M. Lederer 
(Hüttelmaier lab) 
 
3.1.9 siRNAs 
Table 16: siRNAs 
Name Target Description Company 
PKCα siRNA (m) mouse PKCα Pool of 3 target-specific 19-25nt 
siRNAs 
Santa Cruz 
Biotechnology 
Control siRNA-A no target Non-targeting 20-25nt siRNA Santa Cruz 
Biotechnology 
Rack1 siRNA (m) mouse Rack1 On-target Plus Smartpool: Pool 
of 4 target-specific siRNAs 
Dharmacon, GE 
Healthcare 
K5 siRNA (m) mouse K5 On-target Plus Smartpool: Pool 
of 4 target-specific siRNAs 
Dharmacon, GE 
Healthcare 
K6a siRNA (m) mouse K6a On-target Plus Smartpool: Pool 
of 4 target-specific siRNAs 
Dharmacon, GE 
Healthcare 
K6b siRNA (m) mouse K6b On-target Plus Smartpool: Pool 
of 4 target-specific siRNAs 
Dharmacon, GE 
Healthcare 
Tiam1 siRNA (m) mouse Tiam1 On-target Plus Smartpool: Pool 
of 4 target-specific siRNAs 
Dharmacon, GE 
Healthcare 
Control siRNA No specific 
target (mouse) 
On-target Plus: Non-targeting 
control pool: 4 non-target siRNAs  
Dharmacon, GE 
Healthcare 
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3.1.10 Plasmids 
Table 17: Plasmids 
Name  Insert Description Reference 
pLVx-IRESpuro-
mkeratin5 
mouse Keratin 5 eukaryotic expression 
vector 
Magin lab 
pLVx-IRESpuro-
eGFP 
eGFP eukaryotic expression 
vector 
Magin lab 
pEGFP-N1-DP-GFP desmoplakin-GFP 
(human) 
eukaryotic expression 
vector 
Kathy Green 
(Chicago) 
pEGFP-N1-DP 
S2849G-GFP 
phosphodef 
Desmoplakin-GFP  
(DP_S2849Gly_GFP) 
(human) 
eukaryotic expression 
vector 
Kathy Green 
(Chicago) 
pLVx-IRESpuro-
mkeratin6b 
mouse K6b eukaryotic expression 
vector 
Magin lab 
pLVx-IRESpuro-
mkeratin14 
mouse K14 eukaryotic expression 
vector 
Magin lab 
pLVx-IRESpuro-
mkeratin17-HA 
mouse K17-HA eukaryotic expression 
vector 
Magin lab 
pcDNA3.1 mK14 mouse K14 eukaryotic expression 
vector 
Magin lab 
pGEX-2TK- PAK1-
PBD 
GST-PAK1-PBD prokaryotic 
expression vector 
Addgene 
 
3.1.11 Bacterial strains 
Table 18: Bacterial strains 
Description Characteristics and applications Reference 
E. coli XL1-blue MRF Genotype: recA1 endA1 gyrA96 thi-1 
hsdR17 supE44 relA1 lac [F´ proAB 
lacIqZΔM15 Tn10 (Tetr)] ; 
Amplification of plasmid 
(Bullock and Wright, 1987) 
BL21 DE3 pLysS Genotype: B F– dcm ompT hsdS (rB–
mB–) gal λ(DE3) [pLysS Camr]  
recombinant protein expression 
Promega 
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3.1.12 Inhibitors 
Table 19: Inhibitors 
Name Target Working 
Concentration 
Company 
Cycloheximide protein translation 150 µg/ml AppliChem 
Dynasore Dynamin1, 2 50 µM Sigma Aldrich 
Gö6976 PKCα, β 100 nM Sigma Aldrich 
PMA PKC 100 nM Sigma Aldrich 
LY294002 Pi3K 50 µM Sigma Aldrich 
Blebbistatin Myosin II 30 µM Sigma Aldrich 
NSC-23766 Tiam 1 50 µM Santa Cruz 
Chloroquine lysosomal degradation 15 µM Sigma Aldrich 
Lacatcystein proteasomal 
degradation 
15 µM Santa Cruz 
 
3.1.13 Lab equipment  
Table 20: Lab equipment 
Instrument/ Software Company 
Agarose gel electrophoresissystem Armin Baack Labortechnik 
Centrifuges Hettich, Eppendorf 
CO2 incubator Thermo Scientific Heraeus 
Water Bath Julabo 
Laminar flow hood Heraeus 
Semi-dry blotter Armin Baack Labortechnik 
Fluorescence microscope 
AxioPhot 2 
Carl Zeiss 
Fluorescence microscope Imager.Z2 
equipped with ApoTome 
Carl Zeiss 
IncuCyte ZOOM live cell imaging system Essen Bioscience 
WoundMakerTM Essen Bioscience 
Laser scanning microscope LSM 780 
Observer.Z1 
Carl Zeiss 
Stereoscopic zoom microscope SMZ1500 Nikon 
pH-Meter Knick 
Standard analytical balance Ohaus 
UV Gel documentation system Intas 
Chemiluminescence documentation system Intas 
NANOpure® DiamondTM Wilhelm Werner GmbH  
Overhead rotator WiseMix Witeg Labortechnik 
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Thermoshaker Eppendorf 
Shaking incubator Edmund Bühler GmbH 
Protein gel electrophoresis chambers Amersham Biosciences 
NanoDrop 2000 Spectrophotometer Thermo Scientific 
AxioVision Rel.4.8 software Carl Zeiss 
ZEN 2010 and 2011 software Carl Zeiss 
Photoshop CS5.1 software Adobe 
3.2 Methods 
3.2.1 Culture of murine keratinocytes 
Cells were cultivated in FAD medium (50 µM Ca2+) supplemented with 10 % FCS Gold (Chelex-
treated, (Brennan et al., 1975)) on collagen I-coated (rat-tail, Invitrogen) culture dishes at 32°C 
and 5 % CO2. Collagen was coated for 30 min at 37°C and then washed twice with PBS. When 
confluent, keratinocytes were incubated with 0.025 % trypsin/ 0.02 % EDTA for 8 min at 37°C 
until they detached. Fresh medium was added and cells were pelleted by low speed 
centrifugation (1000 x g) for 4 min, the supernatant was aspirated, cells were resuspended in 
fresh medium and replated. To freeze keratinocyte cells, cell pellets were resuspended in 
keratinocyte freezing media (90 % FCS Gold (Chelex-treated), 10 % DMSO) and aliquoted at 
2 x 106 cells in cryo tubes. To thaw cells, vials were placed in a container of 37°C water. The 
thawed cells were transferred to a centrifuge tube containing 9 ml medium and pelleted as 
described above, resuspended in fresh medium and plated in 10 cm plates. For experiments 
cells were switched to 1.2 mM Ca2+-containing media (high calcium medium) for 24 h to 72 h. 
All cell-lines transduced by lentiviruses were cultured with medium containing 8 µg/ml 
puromycin. 
3.2.2 Isolation of genomic DNA 
For genotyping of keratinocyte cell lines 3x105 cells were seeded in a 6 well-plate, grown to 
confluency and cultured in high-calcium medium for 24 h. Cells were washed twice with PBS 
and lysed in 200 µl Proteinase K buffer supplemented with 200 µg/ml Proteinase K and 200 
µg/ml RNAse A. After incubation at 55°C and 300 rpm in a thermoshaker, the lysates were 
centrifuged for 5 min at 14.000 rpm and the supernatant was transferred in a new 1.5 ml 
reaction tube. After adding 160 µl isopropanol the tube was inverted and the DNA was 
precipitated by centrifugation at 12000 x g (4°C) for 10 min. The DNA pellet was washed with 
70 % ethanol. The DNA was dissolved in TE-buffer and stored at 4°C. 
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3.2.3 Genotyping of keratinocyte cell lines 
Genotyping of keratinocyte cell lines was performed by polymerase chain reaction (PCR) in a 
total volume of 25 µl reaction mix: 
12.8 µl H2O (Sigma) 
5 µl 5x Green GoTaq Reaction Buffer (Thermo Fisher) 
1 µl 5 mM dNTPs (Invitrogen) 
2.5 µl forward primer (10 µM) 
2.5 µl reverse primer (10 µM) 
0.2 µl GoTaq DNA Polymerase (Promega) 
1 µl genomic DNA 
4 different PCRs were performed for genotyping: 2 PCRs that detected the genes in the type 
II keratin locus (K5 and K6) and two that detected gens in the type I keratin locus (K14 and 
K15) as control. The following PCR protocol was used for all 4 PCRs: 
 
Table 21 PCR conditions used for genotyping cells 
step description T°C T [s] 
1. initial denaturation 94 180 
2. denaturation 94 30 
3. primer annealing 60 30 
4. elongation 72 60 
repeat steps 2-4 30x 
5. final elongation 72 600 
6. end 4 ∞ 
 
The primer pairs used for genotyping are listed in Table 12. The PCR products were applied 
on 1 % agarose (Peqlab) gels containing 0.1 µg/ml ethidium bromide (Sigma Aldrich) and 
separated by agarose gel electrophoresis in horizontal running chambers (Armin Baack 
Labortechnik, Schwerin, Germany) in 1 x TAE-buffer. Intercalation of ethidium bromide into 
double-stranded DNA allowed visualization of PCR products under UV light in a gel 
documentation system (Intas, Göttingen, Germany).  
3.2.4 Isolation of total RNA  
For RNA isolation 3x105 cells were seeded in a 6-well plate, grown to confluency and cultured 
in high-calcium medium for 24 h. Cells were washed twice with PBS and lysed in 1 ml Trizol. 
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After adding 0.2 ml chloroform, the tube was inverted for 15 s and then kept at room 
temperature for 3 min. The samples were then centrifuged for 10 min at 12000 x g (4°C). The 
aqueous phase was transferred to a new tube and 0.5 ml isopropanol was added. After 
inverting the tube 3-5 times, the samples were incubated at room temperature for 10 min and 
centrifuged for 10 min at 12000 x g (4°C). The supernatant was removed and the RNA-pellet 
was washed twice with 1 ml 75 % ethanol. After the second wash, the samples were briefly 
mixed and centrifuged for 5 min at 14000 rpm (4°C). The ethanol was carefully removed and 
the RNA-pellet was briefly air-dried (5-10 min). RNA was dissolved in RNase-free water 
(Sigma) and incubated for 10 min at 55°C. Finally, RNA concentration was measured with 
NanoDrop 2000 spectrophotometer (Thermo Scientific) and RNA quality was checked on a 1 
% agarose gel. RNA samples were stored at -80°C. 
3.2.5 DNase digest and cDNA synthesis 
12 µg RNA were processed for DNase digestion using DnaseI (Fermentas 1 U/µl) according 
to the manufacturers’ instructions. 2 µg of the DNase-treated RNA was reverse transcribed in 
a volume of 20 µl using RevertAidTM Premium First Strand cDNA synthesis kit (Fermentas) and 
a mix of oligo (dT)18 and random hexamer primer (1:1) according to manufacturers’ 
instructions. 
3.2.6 Quantitative Real Time PCR (qPCR) 
Real-time PCR was performed using Maxima Sybr Green qPCR Master Mix (Fermentas) and 
mRNA expression was monitored on an Applied Biosystems 7500 Real Time PCR system with 
the following PCR settings: after an initial denaturation step (95°C for 15 min), PCR was 
performed in 40 cycles (94°C for 15 s, 60°C for 30 s, and 72°C for 35 s) ending with a melting 
curve stage (95°C for 15 s, 60°C for 1 min and 95°C for 15 s). Duplicate measurements were 
performed for each sample. All samples were normalized against GAPDH mRNA and results 
are reported as n-fold change relative to the respective control. The primer pairs used for qPCR 
are listed in Table 12.  
3.2.7 Protein lysate preparation 
For protein lysates 3x105 cells were seeded in a 6-well plate. 24 h after plating confluent cells 
were incubated in high-calcium medium for indicated time points. After washing the cells twice 
with ice-cold PBS they were lysed directly in 300 µl boiling Laemmli buffer and treated with 
repeated cycles of heating (95°C) and sonication to extract total proteins. The samples were 
stored at -80°C. 
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3.2.8 SDS-PAGE 
Protein lysates were separated on SDS-polyacrylamide gels prepared according to the 
compositions shown in Table 22 and Table 23. 
 
 
Table 22: Reagents for SDS-PAGE separating gel 
Ingredients 
Percentage of gels 
8 % 9 % 10 % 12% 15% 18% 
30% Acrylamide 2.7 ml 3 ml 3.3 ml 4 ml 4.5 ml 6 ml 
Lower Tris 2.5 ml 2.5 ml 2.5 ml 2.5 ml 2.5 ml 2,5 ml 
Aqua bidest 4.8 ml 4.5 ml 4.2 ml 3.5 ml 3 ml 1,5 ml 
Temed 10 µl 10 µl 10 µl 10 µl 10 µl 10 µl 
10% APS 100 µl 100 µl 100 µl 100 µl 100 µl 100 µl 
 
Table 23: Reagents for SDS-PAGE stacking gel 
Ingredients volume for 5% gel 
30% Acrylamid 440 µl 
Upper Tris 1000 µl 
Bidest 2.6 ml 
Temed 6 µl 
10 % APS 40 µl 
 
Before loading the protein lysates were denatured at 95°C for 5 min. The samples were loaded 
on gels with different percentage of acrylamide depending on the molecular weight of the 
protein of interest. Gels were run in 1x Laemmli running buffer at constant 30 mA per gel. 12 
µl of the protein standard (PageRulerTM, Thermo Scientific) were loaded onto each gel. The 
gels were then either processed for Western blot analysis or stained overnight with Coomassie 
followed by incubation in Coomassie-destaining solution until the blue background was 
removed to assess equal sample loading.  
3.2.9 Western Blot 
Proteins were transferred from the SDS-PAGE gel to nitrocellulose membranes (VWR) using 
a semi-dry blotter (Armin Baack Labortechnik). Before blotting, membrane, filter paper and gel 
were equilibrated in transfer buffer for 30 min. The gel and membrane were sandwiched 
between the filter paper and air bubbles were removed. The transfer was performed at 300 mA 
for 90 min. The efficiency of the transfer was checked by staining the membrane with Ponceau 
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S for 15 min. Afterwards membranes were briefly washed and incubated on a shaker with 
blocking solution for 30 min at room temperature. The primary antibodies were incubated at 
4°C overnight on a shaker in blocking solution at optimal dilution (see 3.1.9). After the primary 
antibody incubation blots were washed 3 x for 10 min in washing buffer 2 and once in washing 
buffer 1 for 5 min. Horse-radish peroxidase conjugated secondary antibodies were diluted in 
blocking solution (dilution listed in Table 14), added to the blot and incubated for 30 min at 
room temperature on a shaker. Blots were washed 3 x in washing buffer 1 for 10 min and once 
in 1x TBS for 5 min. Finally blots were developed with ECL for 5 min and chemiluminescence 
was detected using ChemoCam Imager (Intas).  
3.2.10 Cytoskeletal preparation 
For the preparation of keratin-enriched cytoskeletal protein fractions, cultured cells were 
washed twice with ice-cold PBS and lysed in ice-cold low-salt buffer with RNase (5 µg/ml), 
DNase (2.5 µg/ml) and 1x protease- and phosphatase inhibitor cocktail. Cell residues were 
sheared with a Dounce homogenizer, incubated for 5 min on ice and centrifuged for 10 min at 
5000 x g (4°C). The pellet was resuspended in ice-cold high-salt buffer with RNase (5 µg/ml), 
DNase (2.5 µg/ml) and 1x protease- and phosphatase inhibitor cocktail and sheared again with 
the Dounce homegenizer and incubated for 10 min. This procedure was repeated 3 times. 
After centrifugation for 10 min at 15000 x g (4°C) the pellet, representing the keratin-enriched 
fraction was resuspended in Laemmli Lysis buffer and treated with repeated cycles of heating 
(95°C) and sonication. The samples were stored at -80°C. 
3.2.11 Immunofluorescence analysis 
Coverslips were placed into culture dishes prior to collagen coating. For keratin and Rack1 
staining, cells were fixed for 5 min in -20°C methanol, 30 s in –20°C acetone, otherwise cells 
were fixed for 10 min in 4 % formalin/PBS, made freshly from PFA, at 4°C, washed 3x in NH4CL 
and 1x in TBS and then permeabilized for 5 min in 0.1 % Triton/TBS. All antibodies were diluted 
in TBS containing 1 % BSA. The primary antibody was applied at optimal dilution (Table 13) 
and incubated for 1 h at RT. After washing 3 times in TBS for 5 min each the appropriate 
secondary antibody was applied and incubated for 60 min at RT. Nuclei were counterstained 
using 1:1000 diluted 4,6-diamidino-2-phenylindole (DAPI) (Roth) and F-actin was stained using 
1:40 diluted Phalloidin-Alexa488 or Phalloidin-Alexa647 (Promokine) along with the secondary 
antibody. Finally the slides were washed 3 times in TBS for 5 min each, briefly rinsed in aqua 
bidest and mounted with Prolong Gold (Invitrogen).  
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3.2.12 Microscopy and image analysis 
Images of epithelial sheets were taken with a binocular (SMZ 1500, Nikon, Japan). Image 
stacks were collected with a Zeiss LSM 780 confocal microscope with 40 /1.3 NA or 63 /1.46 
NA oil immersion objectives. Image analysis and processing were performed using Zen 
Software 2010 (Carl Zeiss, Inc.) and Photoshop CS4 (Adobe) software. LUT (lookup table; 
brightness and gamma) was adjusted using Photoshop. To quantify the fluorescent intensity, 
images were taken with a Zeiss Imager Z2 microscope with a 40/1.3 NA oil immersion 
objective. The fluorescence pixel intensity of desmoplakin was determined by measuring the 
average pixel intensity in a region of interest relative to the area of this region using the Zen 
Blue Software (Carl Zeiss, Inc.). To compare the intensity of desmoplakin at the membrane to 
the cytoplasm, the ratio between the membrane intensity and the cytoplasm of the same cell 
was calculated. Raw unsaturated 16-bit images were used for all quantifications. For all 
measurements up to 20 randomly chosen areas and more than 50 cells were measured.  
3.2.13 Dispase assay 
For the Dispase assay 6x105 cells were seeded in a 6-well plate, grown to confluency and then 
switched to 1.2 mM Ca2+ for 24 or 48 h. The assay was performed as described in (Calautti et 
al., 1998; Hobbs et al., 2011). Cells were then washed twice with PBS (2 mM Ca2+) and 
incubated for 30 min at 37°C with Dispase II (Roche Diagnostics, 9 mg/ml in 1:2 HEPES buffer-
keratinocyte medium (2 mM Ca2+)) which cleaves collagen I and allows complete detachment 
of the cell sheets from the culture dish. Plates were then subjected to 150 rpm orbital rotation 
(low force) for 5 min at 37°C on a horizontal shaking incubator (TH15, Edmund Bühler GmbH, 
Germany). Sheets were transferred into 15 ml tubes containing 5 ml PBS (2 mM Ca2+) and 
subjected to 25 rpm up to 50 rpm overhead rotation (high force) (WiseMix overhead rotator, 
Witeg Labortechnik, Germany) for 30 seconds at room temperature. A schematic 
representation of the Dispase Assay is shown in (Figure 9).  
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Figure 9 Dispase assay 
3.2.14 Lactat-Dehydrogenase-assay (LDH-assay) 
Probes for the LDH-assay, were collected during the dispase assay. Therefore the supernatant 
after dispase treatment, after orbital rotation (low force) and after overhead rotation (high force) 
were collected and stored at -20°C. As positive control for complete cell rupture, the 
supernatant of sheets after sonification (3x 30sec) was used. To determine the level of LDH in 
the supernatant the PierceTM LDH Cytotoxicity Assay Kit (life technologies) was used according 
to the manufacturers’ instructions. 
3.2.15 Surface biotinylation 
2x106 Cells were seeded on collagen I-coated 10 cm dishes. 24 h after plating, the medium 
was switched to high calcium medium for 48 h. Cells were washed 3 times with ice-cold PBS 
Mg/Ca and surface-labeled for 30 min with cell-impermeable EZ-Link Sulfo-NHS-SS-Biotin 
(Pierce) (1.5 mg/ml) following the manufacturer's instructions on ice. Cells were washed 3 
times with PBS Mg/Ca containing 100 mM glycine for 20 min on ice to quench residual biotin. 
After washing twice with PBS, cells were lysed with 500 µl of cold RIPA buffer pH 7.5, with 1x 
protease and phosphatase inhibitor cocktails (Pierce). Lysates were incubated with 50 µl 
streptavidin beads for 1 h. Beads were washed 4 times with 800 µl cold RIPA buffer pH 7.5, 
with 1x protease and phosphatase inhibitor cocktails. Biotinylated proteins were finally eluted 
by SDS-PAGE buffer and subsequently analyzed by Western blotting. The amount of 
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membrane-bound Dsg2 was calculated as ratio between biotinylated protein to tubulin as 
loading control.  
3.2.16 Immunoprecipitation 
For immunoprecipitation experiments, 2 x 106 cells were cultured in a 10-cm tissue culture 
dish. 24 h after plating, the medium was switched to high calcium medium for 48 h. The cells 
were washed twice with PBS and lysed with 500 µl of cold RIPA buffer with 1x protease and 
phosphatase inhibitor cocktails (Pierce). Lysates were transferred to 1.5-ml tubes, incubated 
30 min on ice and clarified by centrifugation at 16.000 x g for 10 min. Supernatants were 
incubated with appropriate primary antibodies overnight at 4°C. A 25µl volume of protein-G 
agarose beads (Pierce) was added and tubes were rotated at 4°C for 2 h. Beads were washed 
with 800 µl washing buffer 1 with 1x protease and phosphatase inhibitor cocktails (Pierce) and 
800 µl washing buffer 2 supplement with 1x protease and phosphatase inhibitor cocktails 
(Pierce). Finally beads were washed with 1 % Triton X-100 in PBS (Wash buffer 3) with 1x 
protease and phosphatase inhibitor cocktails (Pierce) and boiled in 30 µl Laemmli sample 
buffer. Released proteins were separated on 8-10% SDS-PAGE gels. 
3.2.17 Cell fractionation 
To separate cytoplasmic proteins from membrane proteins, 7x105 Cells were plated on a 6 cm-
dish, grown to confluency and cultured in high calcium medium for 24 h. Confluent monolayers 
were washed twice with ice-cold PBS and then collected using a rubber scraper in 500 µl of 
lysis buffer supplemented with 1x protease inhibitor cocktail (Pierce). Lysates were sonicated 
for 5 s and subjected to centrifugation (1 h, 20.000 x g). The supernatant represents the soluble 
cytoplasmic fraction. The pellet was solubilized in resuspension buffer with 1x protease 
inhibitor cocktail (Pierce) and incubated for 1 h on ice, and centrifuged again (1 h, 20.000 x g). 
This supernatant represents the membrane protein pool. Laemmli sample buffer was added to 
all samples prior to loading onto gels for electrophoresis.  
3.2.18 Transformation 
For plasmid amplification or recombinant protein expression, plasmid-DNA was transformed 
into XL1 Blue or BL21 DE3, chemo-competent bacteria. Cells and DNA were chilled on ice and 
LB-media pre-heated to 37°C. DNA was added to the bacteria and incubated for 30 min on 
ice. Subsequently, bacteria were heat shocked at 42°C for 90 s, followed by immediate 
incubation on ice for 90 s. The cells were allowed to recover in 400 μl of pre-warmed LB 
medium at 37°C for 1 h. Finally, bacteria were spread on ampicillin or kanamycin resistant 
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plates and the cultures were incubated at 37°C overnight. The following day, single colonies 
were picked from plates and inoculated into 100 ml LB-media containing 200 µg/ml ampicillin 
or 100 µg/ml kanamycin. The cultures were incubated at 37°C overnight. Bacteria were 
pelleted by centrifugation at 8000 x g for 10 min. The supernatant was discarded. Plasmids 
were extracted from cultures using the Nucleobond Xtra-plasmid Midiprep (Macherey-Nagel) 
according to the manufacturers’ directions. After plasmid extraction, DNA concentrations were 
determined by measuring OD at 260 nm and 280 nm with a conversion factor of 1 OD260 = 50 
µg/ml DNA; DNA quality was controlled via gel electrophoresis.  
3.2.19 Transient transfection 
The cDNAs were transfected using Xfect Transfection reagent (Clontech) following the 
manufacturer`s protocol. SiRNAs were transfected using XfectTM siRNA Transfection reagent 
(Clontech) following the manufacturer`s protocol. 
3.2.20 Proximity Ligation assay 
All reagents used for the PLA analysis were from Olink Bioscience (Uppsala Science Park, 
Uppsala, Sweden). The PLA assay was performed following the manufacturer`s protocol using 
anti-K5 (rabbit, diluted 1:800, Magin lab) and anti-Rack1 (mouse monoclonal, diluted1:100, 
Santa Cruz) as primary antibodies. 
3.2.21 G/F-actin assay 
To determine the amount of filamentous actin (F-actin) versus globular-actin (G-actin) actin 
fractionation was performed as described (Posern et al., 2002). Cells were plated in 6-cm 
tissue culture dishes. 24 h after plating, confluent cell layers were switched to high calcium for 
24 h, washed in PBS, and then lysed in 0.3 ml of actin stabilization buffer with 1x protease 
inhibitor cocktail (Pierce); followed by max speed centrifugation (20.000 x g) to separate F-
actin from G-actin pools. Supernatants were mixed directly with SDS-PAGE loading buffer, 
whereas pellets were resuspended in 0.3 ml of actin polymerization buffer mixed with SDS-
PAGE loading buffer and sonicated. Equal amounts were separated by 10 % SDS-PAGE and 
detected by immunoblotting with actin-antibody. 
3.2.22 Rac-Pull-Down assay 
For preparation of GST-PAK-RBD fusion protein, E. coli BL21 DE3 Lys were transformed with 
pGEX-2TK-GST-Pak1-RBD. Protein expression was induced by 1 mM IPTG at 30°C for 3 h, 
followed by bacterial lysis in 50 mM Tris (pH 7.5), 1 % Triton X-100, 150 mM NaCl, 5 mM 
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MgCl2, 1 mM DTT and protease inhibitor cocktail. The lysate was sonicated on ice (3 x 30 sec) 
and centrifuged at 15,000 x g for 10 min at 4°C. The supernatant was used for coupling to 
glutathione sepharose beads (Pierce) directly prior to GTPase pull-down assays. 2×106 
keratinocytes were seeded in 10 cm dishes to form a confluent monolayer. 24 h after plating 
cells were switched to high calcium. 24 h after medium exchange, cells were washed twice 
with cold PBS and lysed in lyses buffer (25 mM HEPES, 1 % Igepal, 150 mM NaCl, 5 mM 
MgCl2, 10 % Glycerol, protease and phosphatase inhibitor cocktails, pH 7.5) and centrifuge at 
16.000 x g for 10 min at 4°C. The cleared lysates were incubated with immobilised GST-PAK-
RBD at 4°C for 1 h and afterwards washed three times in Lysis buffer. Finally beads were 
boiled in 60 µl Laemmli sample buffer. Released proteins and total lysates were separated on 
12 % SDS-PAGE gels. Densitometric analysis of western blots was carried out with ImageJ 
software and normalized to total lysates. 
3.2.23 Scratch Wound Cell Migration assay 
To quantitate collective cell migration, a monolayer scratch wound cell migration assay, using 
the IncuCyte ZOOM live cell imaging system (Essen Biosciences) was performed (Figure 1). 
Cells were seeded at a density of 4 x 104 cells per well in 96-well ImageLock plates (Essen 
Biosciences) and were grown overnight to form a confluent monolayer. 24 h after plating the 
medium was switched to high calcium medium for 16 h to allow junction formation. A 
WoundMakerTM (Essen Bioscience) was used to create ~800 µm wide wounds in all 96 wells 
of the plate. After scratching, the media was aspirated and all wells were washed 2 times with 
PBS to remove cells in the wound area. Following the washes, fresh high calcium medium was 
added to all wells. For PKCα-inhibition, cells were treated with 100 nM Gö6976 after 
scratching. Afterwards the plates were placed into the IncuCyte ZOOM and phase contrast 
images were taken every hour. Wound closure was monitored for 86 h and quantified with the 
IncuCyte Zoom software using the relative wound density metric.  
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Figure 10 Illustration of scratch-wound assay - 96-Well migration protocol  
[EssenBioscience] 
3.2.24 Data processing and statistical analysis 
All data sets were processed using the standard software Excel, Word and PowerPoint 
(Microsoft Office 2010) and figures were arranged with Adobe Illustrator CS5.1 (Adobe). 
Statistical analysis and diagram illustrations were done using SigmaPlot12.0 (Systat Software, 
Erkrath). Statistical significance was determined by two-tailed t-tests and the significance 
levels were illustrated as follows: * for p<0.05, ** for p<0.01, *** for p<0.001. 
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4 Results 
Keratins are linked to desmosomes, intercellular, highly specialized anchoring junctions, which 
facilitate the formation of a supracellular scaffold that distributes mechanical forces throughout 
a tissue (Green and Simpson, 2007). To address the relative contribution of keratins to cell 
integrity, cell junction dynamics and force transmission in keratinocytes, a mouse model was 
generated, which is completely devoid of keratins in the skin by deletion of the keratin type II 
cluster (KtyII-/-) (Bar et al., 2014). In the epidermis of E18.5 embryos lacking all keratins, DP is 
reduced at the plasma membrane and accumulates throughout the cytoplasm in the epidermis 
of those mice (Bar et al., 2014). In addition, mice lacking the keratin type I cluster (KtyI -/-) were 
generated and show the same mislocalization of desmosomal proteins in the epidermis 
(unpublished, Vinod Kumar). 
 
4.1 Generation of a cell-culture model completely devoid of keratins 
To analyze the underlying mechanisms how keratins are involved in the assembly, 
disassembly and maintenance of cell junctions, homozygous KtyII-/- , KtyI-/- keratinocyte and 
control cell lines expressing the normal set of keratins (WT) were isolated from respective 
strains of mice. To confirm keratin-dependence of phenotypes, two additional cell lines, either 
re-expressing K5 (KtyII-/- K5; K5 cells) or cells expressing a GFP construct as control (KtyII-/- 
GFP), were generated by lentiviral transduction (M. Lederer, Halle). As confirmed by PCR and 
Q-PCR, KtyII-/- cells lack all keratin type II genes and transcripts and maintain keratin type I 
genes. The level of keratin type I mRNAs was not altered by the deletion of the type II partner 
(Figure 11 A-B). Lentiviral transduction of KtyII-/- cells with K5-cDNA restored the K5 mRNA 
level to 43 % of WT cells (Figure 11 B). Cytoskeletal preparation of WT, KtyII-/- and K5 cells 
demonstrated complete absence of prominent keratin bands between 50 and 60 kDa and a 
reduction of high-molecular bands in KtyII-/- cells. This is partly restored in K5 re-expressing 
cells (KtyII-/- K5) (Figure 11 C). On protein level, no type I and no type II keratin was detectable 
in KtyII-/- cells, while in rescue cells K5, K14, K16 and K17 were observed and reached ≤ 13% 
in comparison to WT control protein levels (Figure 11 D).  
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Figure 11 Keratin expression 
(A) PCR for K5, K6, K14 and K15 confirmed the genetic deletion of type II keratin genes and the presence of type 
I keratin genes in KtyII-/- and KtyII-/- GFP cells. K5 cDNA is present, whereas K6 is still absent in K5 cells. Genomic 
DNA was used as template. (B) Q-PCR showed that K5 mRNA is detected only in WT and to a lesser extent in K5 
cells and complete absence of K6 mRNA in KtyII-/-, GFP and K5 cells. Furthermore Q-PCR demonstrated 
comparable mRNA levels for K14, K16 and K17 in all cell lines (mean+/-SEM, n=3). (C) Cytoskeletal preparation 
with subsequent SDS-PAGE and Coomassie staining confirmed the absence of keratin bands (45-60kDA, *) and 
strong reduction of high molecular bands (>150kDa, **) in KtyII-/- cells; these bands were partially restored in K5 
cells. (D) WB confirmed the complete absence of all type II keratins and strong reduction of type I keratins at the 
protein level in KtyII-/- cells. Furthermore, WB showed the expression of GFP in GFP cells and expression of K5, 
K14 and K17 in K5 cells. 
 
Additionally, immunofluorescence staining confirmed the absence of all keratin intermediate 
filaments in KtyII-/- cells (Figure 12 A-E’’’). At elevated Ca2+ concentrations, WT cells formed 
extensive keratin arrays in which all major keratins including K5, K6, K14, K16 and K17 co-
localized and connected to cell junctions (not shown). The cytoskeleton composed of K5, K14, 
K17 and K16 in rescue cells very closely resembled that of controls (Figure 12 A’’’,B ’’’, D’’’ and 
E’’’). In addition to K5/K14 filaments, also K5/17 (Figure 12 E’’’) and in a small subset of cells 
(<5%) K5/K16 filaments (Figure 12 D’’’) formed in K5 cells. As expected, K6 was undetectable 
in K5 cells by immunofluorescence (Figure 12 C’’’). Given that downregulation of keratins and 
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upregulation of vimentin are frequently connected to EMT (Mendez et al., 2010) (Thiery, 2002) 
(Yang and Weinberg, 2008), vimentin expression was analyzed. Based on 
immunofluorescence, no compensatory upregulation of vimentin could be detected. In all 4 cell 
lines, less than 1% of the cells expressed very short vimentin-filaments (Figure 12 F-F’’’). 
 
Figure 12 Analysis of intermediate filament proteins in keratin expressing and keratin-free cells  
Immunofluorescence analysis of K5 (A-A’’’), K14 (B-B’’’), K6 (C-C’’’), K16 (D-D’’’) and K17 (E-E’’’) to visualize keratin 
filament networks in WT keratinocytes and K5 cells as well as keratin absence in KtyII-/- cells and GFP mock-
transfected cells. Re-expression of K5 restored K14, K17 and in <5% of the cells also K16 expression (A’’’-E’’’). (F-
F’’’) Immunofluorescence analysis confirmed absence of Vimentin in WT, KtyII-/- and K5 cells Bars: (A-D’’’) 10 µm. 
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4.2 Altered cell junctions in keratin-free keratinocytes 
In order to examine whether the deletion of keratins affects desmosomes and intercellular 
adhesion, the localization and expression of desmosomal proteins was analyzed. 
Confocal microscopy of KtyII-/- cells revealed a significant decrease of desmosomes at the 
plasma membrane and their concomitant accumulation in the cytoplasm. This phenotype was 
rescued by re-expression of K5/K14 (Figure 13 A-D’’’) (Kroger et al., 2013).  
 
 
Figure 13 Mis-localization of desmosomes in keratin-free cells 
Staining for desmoplakin (DP, red) and Keratin 5 (K5, green) 24h after Ca2+ switch displayed a decreased and 
irregular localization of desmosomes in keratin-free cells (B-B’’’ and C-C’’’) compared to keratin-expressing cell 
lines (A-A’’’ and D-DE’’’). Note cytoplasmic accumulation of desmosomal proteins in KtyII-/- and GFP mock cells (B 
and C). Bars: 10µm 
Immunostainings for desmoplakin (DP1,2) (Figure 13), as well as for the desmosomal cadherin 
desmoglein (Dsg1,2) and the armadillo repeat proteins plakophilin-1 (PKP1) and 3 (PKP3) and 
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p0071 (Figure 14) showed a reduction of desmosomal proteins at the membrane and 
accumulation in the cytoplasm of keratin-free cells. This observation was more obvious for Dsg 
(Figure 14 A-A’), DP (Figure 13 A-B) and PKP1 (Figure 14 B-B’) compared to PKP3 (Figure 
14 C-C’) and p0071 (Figure 14 D-D’). 
 
 
Figure 14 Localization of desmosomal proteins 
Staining for Dsg1,2, PKP1, PKP3 and p0071 24h after Ca2+ switch displayed a decreased and irregular localization 
of desmosomes in keratin-free cells (A’, B’, C’, D’) compared to keratin-expressing cells (A, B, C, D). Bars: 10µm 
 
Co-staining showed that Dsg1,2 and DP1,2, as well as DP1,2 and PKP1, co-localize in the 
cytoplasm of KtyII-/- cells (Figure 15 A-A’), whereas no co-localization of internalized Dsg1,2 
with either early endosomes (EEA1) or lysosomes (Lamp2) could be found (Figure 15 A’’-A’’’).  
 
 
Figure 15 Accumulation of desmosomal proteins in the cytoplasm 
(A) Double staining of DP1,2 (green) and Dsg1,2 (red) or (A’) DP1,2 (green) and PKP1 (red) showed co-localization 
of desmosomal aggregates in the cytoplasm of KtyII-/- cells. No co-localization in double staining of Dsg1,2 and 
EEA1 (green, A’’) or Lamp2 (green, A’’’). Bars: 10 µm. 
 
Q-PCR results revealed no difference at the transcription level of desmosomal gene 
expression (Figure 16 A). Yet, Western blotting uncovered a downregulation of all desmosomal 
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proteins analyzed, ranging from 79 % for Dsg 1,2, to 32 % for DP1,2 and 36 % for PKP1, but 
not for PG (Figure 16 B; (Loffek et al., 2012)). PKP2 is expressed at very low levels in WT or 
KtyII-/- keratinocytes, only visible upon prolonged exposure of blots (Figure 16 B). 
Downregulation of desmosomal proteins was not restored by re-expression of K5. In addition, 
surface-biotinylation established a 50 % reduction of Dsg2 at the plasma membrane, which 
could be restored by re-expression of K5/K14 (Figure 16 C-C’) (Kroger et al., 2013).  
 
Figure 16 Expression of desmosomal proteins. 
(A) Q-PCR displayed unaltered mRNA-Level of desmosomal components in the absence of keratins, (mean+/- 
SEM, n=3). (B) WB (n=3) of desmosomal proteins showed strong reduction of Dsg1,2, DP1,2 and PKP1-protein in 
KtyII-/- and GFP control cells; PG expression was unaltered in all four cell lines. (C-C’) Surface biotinylation and WB 
showed a 60 % reduction of Dsg1,2 at the plasma membrane in KtyII-/- compared to WT and K5 cells. Data (mean+/-
SEM, n=3) are fold change relative to WT. 
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4.3 Reduction of intercellular adhesive strength in KtyII -/- cells 
The accumulation of desmosomal proteins in the cytoplasm suggested a hitherto unrecognized 
dependence of cell-cell adhesion on keratins, prompting the question whether they affect 
adhesive strength and the subsequent integrity of epithelial sheets upon mechanical stress 
(Huen et al., 2002; Vasioukhin et al., 2000). 24 h after calcium exposure, an intact epithelial 
sheet of WT cells lifted off the dish after dispase treatment and remained intact upon 
mechanical stress application (Figure 17 A, B, E). In contrast, KtyII-/- cells displayed severely 
fragmented epithelial sheets 24 h, as well as 48 h, after Ca2+ switch, (Figure 17 A’, B’, C’, D’, 
E and E’’). K5 cells displayed stability similar to WT cells (Figure 17 A’’’, B’’’, C’’’, E and E’) 
(Kroger et al., 2013). To discriminate between sheet fragmentation caused by weak cell-cell 
adhesion or by higher cell-fragility, the level of lactate dehydrogenase (LDH), as a marker for 
cell rupture, was measured in the supernatant, after low and high force application. Only very 
low LDH-levels were detectable in the supernatant of WT and KtyII-/- sheets after low and high 
mechanical stress. Only after complete lysis of the cell-sheets by sonification, high and 
comparable amounts of LDH could be measured in WT and KtyII-/- probes (Figure 17 G). 
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Figure 17 Epithelial sheet stability depends on keratins 
Epithelial sheets of WT (A, B, C and D) and K5 cells (A’’, B’’, C’’and D’’) resisted low and high mechanical stress 
24 h and 48 h after Ca2+ switch. In contrast sheets of KtyII-/- cells were completely fragmented (A’, B’, C’ and D’). 
(E-E’) Graphs showed the amount of fragments after exposure to high force mechanical stress (mean +/- SEM, 
n=3). (F) LDH-assay showed that KtyII-/- cells remain intact after fragmentation (mean +/- SEM, n=3).  
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4.4 Keratins are important to form hyper-adhesive desmosomes 
In contrast to adherens junctions, desmosomes are able to switch from a Ca2+-dependent 
state, to a “hyper-adhesive”, Ca2+-independent state, which is essential in maintaining tissue 
integrity in suprabasal layers of the epidermis (Garrod et al., 2005; Osmani and Labouesse, 
2015). Whether keratins are necessary to form hyper-adhesive demosomes is unknown. To 
test for the presence of Ca2+-independent desmosomes, WT and KtyII-/- cells were cultured for 
1 or 6 days in high calcium medium, followed by depletion of Ca2+ with EGTA for 90 min. The 
mechanical dispase assay showed that after 1 day in high calcium medium, WT cells form a 
stable sheet, which disaggregates after Ca2+-depletion (Figure 18 A-A’’). 6 days after Ca2+-
induction the stability of the WT sheet after EGTA-addition was increased to a large extent, 
which indicated the presence of hyper-adhesive desmosomes (Figure 18 C-C’).In contrast, in 
the absence of keratins sheet stability was largely impaired and even after 6 days of culture in 
high calcium medium, the majority of desmosomes remained Ca2+-dependent (Figure 18 B-B’’ 
and D-D’’). Immunostainings for DP1,2 confirmed, that 6 days after increasing the Ca2+ 
concentration in the medium, almost no internalization of desmosomes was detectable in Ca2+-
depleted WT keratinocytes, whereas EGTA addition in KtyII-/- keratinocytes led to disassembly 
of desmosomes in KtyII-/- cells even after 6 days (Figure 18 E-H’). 
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Figure 18 Keratin-dependent formation of hyper-adhesive desmosomes 
Cells were cultured in the presence of Ca2+ for 1 or 6 days to allow desmosome formation and maturation. EGTA 
was added to analyze for Ca-independent hyper-adhesive desmosomes. (A-D’’) The epithelial sheet assay showed 
that stability of desmosomes was compromised in the absence of keratins after 1 and 6 d (B and D). Ca2+-depletion 
disrupted the 1 day old sheets of WT and KtyII-/- cells completely (A’, B’ and A’’, B’’). 6 day-old WT sheets showed 
increased stability after EGTA-addition (C’), whereas 6 day-old KtyII-/- sheets were completely fragmented after 
Ca2+-depletion (D’ and D’’). (E-H’) Immunostaining for DP1,2 confirmed presence of hyper-adhesive desmosomes 
6 d after Ca2+-induction in WT cells, whereas desmosomes remained Ca2+-dependent in the absence of keratins. 
Scale bars: 10µm. 
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4.5 Assembly of desmosomes 
To dissect the mechanisms underlying altered distribution and functionality of desmosomes in 
KtyII-/- cells, junction assembly following Ca2+ induction over 24 h was monitored. 
Immunostaining for DP1,2 showed that in keratin- expressing cells, after 30 min in high-calcium 
medium, DP1,2 was already present at the plasma membrane, whereas in KtyII-/- cells the first 
desmosomes appeared after 1 h (Figure 19 A-C’). The overall assembly of desmosomes 
seemed to be slightly slower in the absence of keratins (Figure 19 A-C’’’). 
 
 
Figure 19 Assembly of desmosomes 
Immunostaining for DP1,2 30 min, 1, 6 and 24 h after Ca2+-switch revealed slower assembly of desmosomes after 
increasing the Ca2+ concentration in KtyII-/- cells. Scale bars: 10 µm. 
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4.6 Disassembly of desmosomes 
Although desmosome assembly is slower in KtyII-/- cells, immunostainings and electron 
microscopy (Kroger et al., 2013) confirmed that desmosomes form at the plasma membrane 
in the absence of keratins. However, after 24 h into junction formation, DP1,2 re-distributed to 
a significant extent into a cytoplasmic pool and the number of cytoplasmic desmosomal 
particles increased (Figure 19 B’’’) (Kroger et al., 2013), suggesting that keratins might be 
involved in desmosome maintenance and stability. To test this hypothesis, junction formation 
was allowed for 24 h after Ca2+ addition, followed by rapid EGTA-mediated Ca2+ depletion to 
induce internalization of Ca2+-dependent cell junction proteins (Kartenbeck et al., 1982). 1 h 
after EGTA addition, desmosomal proteins accumulated further in the cytoplasm of KtyII-/- cells 
(Figure 20 B-B’, E), whereas in WT cells internalization was much slower (Figure 20 A-A’, E). 
Re-expression of K5 stabilized desmosomes under elevated calcium conditions, and reverted 
internalization of desmosomes to WT levels (Figure 20 C-C’, E). Furthermore, re-expression 
of K5 in the presence of cycloheximide extended Dsg1,2 half-life time compared to KtyII-/- cells 
(Figure 20 F). Dsg is predominantly internalized through caveolin-dependent routes (Brennan 
et al., 2011; Resnik et al., 2011) or raft-dependent mechanisms (Delva et al., 2008). As 
caveolin-dependent pathways rely on the GTPase dynamin for vesicle fission, blocking its 
activity using the inhibitor dynasore (Macia et al., 2006) should rescue endocytosis of 
desmosomes. In fact, dynasore treatment re-established the distribution of desmosomes in 
KtyII-/- cells under conditions of cell adhesion or after Ca2+-depletion (Figure 20 D-D’, E). 
Crucially, dynasore blocked endocytosis to such an extent in KtyII-/- cells that the amount of 
Dsg 1,2 was restored at the plasma membrane to WT levels (Figure 20, G). Most importantly, 
inhibition of endocytosis restored the functionality of desmosomes during the mechanical 
stress assay, whereas vehicle treated cell sheets remained susceptible to mechanical stress 
(Figure 20 H-H’’).  
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Figure 20 Keratins affect dynamin- dependent endocytosis 
DP1,2 immunofluorescence at high Ca2+ conditions (A-D) compared to calcium deprivation and using the dynamin 
inhibitor dynasore (A’-D’). EGTA treatment for 1 h caused almost complete desmosome internalization in KtyII-/- 
cells (B’), whereas controls showed increased amounts of DP1,2 close to the membrane (A’). Blocking endocytosis 
or re-expression of K5/K14 in KtyII-/- cells induced re-localization of all junctional proteins tested to the plasma 
membrane both in high Ca2+ conditions (C and D) as well as 1 h after EGTA incubation (C’ and D’). (E) Ratios of 
average pixel intensities for DP1,2 at the membrane and in the cytoplasm. Quantitative analysis of immunostained 
images captured from 8 fields and >50 cells, (mean+/-SEM). (F) Quantification of western blot analysis of total 
protein lysates after EGTA treatment demonstrated accelerated Dsg2 degradation in KtyII-/- cells, reverted by re-
expression of K5/K14. Data (mean+/-SEM, n=3) are fold change relative to the untreated control (G) Surface 
biotinylation and Western Blotting showed an increase in surface localization of Dsg2 after Dynasore treatment in 
KtyII-/- cells. (H-H’’) Blocking endocytosis in KtyII-/- cells stabilized cell-cell contacts to withstand mechanical stress 
after dispase treatment, (mean+/- SEM, n=3). 
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4.7 PKC-mediated phosphorylation of DP is enhanced in KtyII-/- 
cells and induces desmosome disassembly 
Remodelling of epithelial tissues during morphogenesis, wound healing and hyperproliferative 
conditions requires transient downregulation and redistribution of keratins and desmosomal 
proteins to allow cell migration and tissue repair (Coulombe, 2003; Thomason et al., 2012; 
Wallis et al., 2000). The signalling events acting on desmosomes involve activation of protein 
kinase C alpha (PKCα), which leads to modification of desmosomal adhesion. PKCα is 
necessary for desmosome formation (Bass-Zubek et al., 2008; Godsel et al., 2005; Sheu et 
al., 1989) but also mediates desmosome disassembly during wound healing (Thomason et al., 
2012; Wallis et al., 2000).  
To test the hypothesis that keratins might be involved in PKCα-mediated destabilization of 
desmosomes, KtyII-/- cells were treated with Gö6976, an established PKC inhibitor (Wallis et 
al., 2000). This resulted in stabilization of DP1,2 to the plasma membrane in KtyII-/- cells, 
whereas vehicle-treated cells retained DP1,2 in the cytoplasm (Figure 21 A, B, C, D). Given 
the dual function of PKCα in desmosome assembly and disassembly (Hobbs and Green, 2012) 
the impact of PKCα-inhibition on internalization of desmosomes was studied. Therefore, 
junction formation was allowed for 24 h after Ca2+ addition, followed by rapid EGTA-mediated 
Ca2+ depletion to induce internalization of Ca2+-dependent cell junction proteins. Treatment of 
KtyII-/- cells with Gö6976 slowed down the internalization of desmosomes to WT levels (Figure 
21 A’, B’, C’ and D). In further support, inhibition of PKCα activity rescued epithelial sheet 
integrity to almost WT levels during the mechanical stress assay (Figure 21 E-E’’) and 
increased the amount of Dsg2 at the cell surface (Figure 21 F) (Kroger et al., 2013). 
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Figure 21 Internalization of desmosomes in the absence of keratins is PKCα-dependent 
(A-C’) DP1,2 staining following DMSO or Gö6976 (100 nM) treatment before and after Ca2+-depletion. PKCα 
inhibition by Gö6976 in KtyII-/- cells led to re-localization of DP1,2 to the plasma membrane and slowed down 
internalization of desmosomes to WT levels. (D) Ratios of average pixel intensities for DP1,2 at the membrane and 
the cytoplasm. Quantitative analysis of immunostained images captured from 8 fields and >50 cells, (mean+/- SEM). 
(E-E’’) Blocking PKC activity in KtyII-/- cells stabilized cell-cell contacts to withstand mechanical stress after dispase 
treatment to some extent (mean+/- SEM, n=3). (F) Surface biotinylation and Western Blotting showed an increase 
in surface localization of Dsg2 after Gö6976 treatment in KtyII-/- cells. Bars: 10 µm 
 
Additionally, the proportion of PKCα in the membrane fraction was significantly greater in KtyII-
/- cells compared to WT cells. PKC-inhibition diminished the membrane localization (Figure 22 
A-A’). One possible target of PKCα activity might be desmoplakin. It was shown that 
phosphorylation of DP at Ser2849, a site close to the keratin-binding domain of DP (Choi et 
al., 2002), is involved in desmosome assembly and remodeling in response to wound healing 
(Green and Simpson, 2007; Wallis et al., 2000). To gain further evidence for PKCα-mediated 
phosphorylation of DP in the absence of keratins, DP1,2 was immunoprecipitated from KtyII-/- 
and WT cells using a P-serine antibody. Whereas substantial amounts of phosphorylated 
DP1,2 were enriched in total protein lysates from KtyII-/- cells, hardly any phosphorylated DP1,2 
was detected in WT lysates (Figure 22 C). To confirm PKCα-involvement, the experiment was 
repeated in the presence of Gö6976 (Figure 22 C), or after PKCα knockdown (Figure 22 C’) 
resulting in the reduction of phosphorylated DP1,2 to control levels. In further support, co-
immunoprecipitation revealed elevated levels of PKCα and DP1,2 in KtyII-/- cells compared to 
WT cells (Figure 22 B). Thus, in the presence of keratins, PKCα-mediated DP phosphorylation 
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was low, resulting in stable desmosomes. To further confirm that DP phosphorylation induces 
desmosome disassembly, knockout cells were transfected with either wildtype DP-GFP or the 
phosphodeficient mutant DPS2849G-GFP. Under Ca2+-depleted conditions the mutant DPS2859G-
GFP was more stable at the plasma membrane and showed a retarded internalization 
compared to the wildtype DP-GFP in KtyII-/- cells (Figure 22 E-G). 
 
 
Figure 22 PKCα-mediated phosphorylation of DP causes disruption of desmosomes in KtyII-/- cells. 
(A-A’) Cell fractionation followed by western blotting showed an increase of PKCα in the membrane fraction in KtyII-
/- cells. Data (mean+/-SEM, n=3) are fold change relative to WT. (B) PKCα and DP1,2 interaction in the absence of 
keratins (co-IP, n=2). (C-D) Immunoprecipitation with anti-phosphoserine antibodies followed by Western blotting, 
demonstrated PKCα-mediated phosphorylation of DP1,2 in KtyII-/- cells (n=3). (E-F’) Transient transfection of KtyII-
/- cells with DPWTGFP or DPS2849GFP. DPS2849GGFP showed increase stability at the membrane compare to 
DPWTGFP. (G) Ratios of average pixel intensities for DP at the membrane and the cytoplasm. Quantitative analysis 
of immunostained images captured from 8 fields and >50 cells, (mean+/- SEM). 
4.8 Keratins interact with the PKCα-scaffold RACK1 
To investigate how keratins may regulate PKCα activation, the distribution of the scaffold 
protein Rack1, involved in the spatio-temporal regulation of PKC isoforms, was examined 
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(Adams et al., 2011). Confocal imaging revealed that Rack1 at least partially co-localized with 
keratin filaments in WT cells (Figure 23 A-A’’), whereas it became scattered throughout the 
cytoplasm in KtyII-/- cells (Figure 23 B-B’). To further confirm the interaction of Rack1 with K5 
a proximity ligation assay (PLA) was used. A high number of PLA events were detected in WT 
cells, which overlap with the K5 immuno-staining (Figure 23 C-C’’), whereas only very few PLA 
signals were observed in KtyII-/- cells (Figure 23 D). Moreover, Rack1 and PKCα were co-
immunoprecipitated in both KtyII-/- and WT cells (Figure 23 E). In the precipitates from WT 
lysates also K5 was identified (Figure 23 E) (Kroger et al., 2013). 
 
Figure 23 Interaction of PKCα-scaffold protein Rack1 and Keratin 5 
Double immunofluorescence of K5 (green) and Rack1 (red) showed partial co-localization in WT cells (A-A’’), in 
contrast to a diffuse cytoplasmic localization of Rack1 in KtyII-/- cells (B-B’). (C-D) A Proximity ligation assay showed 
the interaction between K5 and Rack1. The PLA signals overlap with the K5 cytoskeleton in WT cells (C-C’’), 
whereas only very few PLA signals were observed in KtyII-/- cells (D). Bars: 10 µm. (E) Co-IP of PKCα and Rack1 
revealed significant cooperation in both cell lines and interaction of K5 and Rack1 in WT cells (n=2).  
 
4.9 Expression of K5 or K14, but not of K6 or K17 stabilizes 
intercellular adhesion 
To further examine the contribution of different keratin isoforms to epithelial integrity, 
maintenance and dynamics of junctions, different cell lines expressing only distinct keratin 
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isotypes were established. First, K5/K14, keratins which are constitutively expressed in the 
basal layer of the epidermis, where stable desmosomes are required, were re-expressed in 
keratin-free keratinocytes. Second, keratinocytes that express K6/K17, keratins which are 
induced upon wounding, a setting in which desmosomes have to be more dynamic, were 
established. By lentiviral transduction of cells lacking the entire keratin type I cluster (KtyI-/-), 
cells expressing either K14 (KtyI-/-K14; K14 cells) or K17 (KtyI-/-K17; K17 cells) as sole type I 
keratin were generated (M. Homberg and M. Lederer (AG Hüttelmaier)). In the background of 
cells lacking the entire keratin type II cluster (KtyII-/-), K5-cDNA (KtyII-/-K5; K5 cells) or K6b-
cDNA (KtyII-/-K6b; K6 cells) as sole type II keratin, were transduced by lentiviruses (M. Lederer 
(AG Hüttelmaier)). 
As already shown before, genetically, KtyII-/- cells lack all type II keratin genes and maintain 
type I keratin gene expression (Figure 11, Figure 24 A). In contrast, KtyI-/- cells lack all type I 
keratin genes but maintain type II keratin gene expression (Figure 24 A’ (Ramms et al., 2013)). 
Q-PCR showed that the K5 mRNA was only detected in K5 cells (KtyII-/- K5), K6b mRNA only 
in K6 cells (KtyII-/-K6b). The mRNA levels of the type I keratins K14 and K17 were unaltered, 
upon lentiviral transduction with K5 or K6b (Figure 24 A). In the same way, K14 mRNA was 
only present in K14 cells and K17 mRNA only in K17 cells, whereas mRNA-levels of type II 
keratins were the same in both cell lines (Figure 24 A’). Western blotting revealed comparable 
levels of K5 and K6, while the level of K14 protein was higher in K5 cells compared to K6 cells. 
Vice versa, the amount of K17 was higher in K6 cells compared to K5 cells (Figure 24 B). 
Furthermore, Western blotting confirmed the absence of type I and strong reduction of type II 
keratins at the protein level in KtyI-/- cells. In a similar fashion, the level of K5 protein was higher 
in K14 cells compared to K17 cells and the amount of K6 was higher in K14 compared to K17 
cells, although the levels for K14 and K17 were comparable in both cell lines (Figure 24 B’). 
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Figure 24 Keratin expression in K5, K6, K14 and K17 cells 
(A) Q-PCR showed similar mRNA levels for K14 and K17 in KtyII-/-, K5 and K6 cells. K5 mRNA is detected only in 
K5 cells and K6 mRNA is detected only in K6 cells,(mean+/-SEM, n=3). (A’) Q-PCR showed similar mRNA levels 
for K5 and K6 in KtyI-/-, K14 and K17 cells. K14 mRNA is detected only in K14 cells and K17 mRNA was present 
only in K17 cells,(mean+/-SEM, n=3). (B) WB of keratin proteins confirmed re-expression of K5, K14 and K17 in K5 
cells and K6, K14 and K17 in K6 cells. Note similar levels of K5 and K6 but disparate levels of K14 and K17. (B’) 
WB of keratin proteins confirmed re-expression of K14, K5 and K6 in K14 cells and K17, K5 and K6 in K17 cells. 
Note similar levels of K14 and K17 but disparate levels of K5 and K6. 
 
Irrespective of composition, confocal microscopy of K5, K14, K6 and K17 revealed wildtype-
like cytoskeletal organization in all cell lines (Figure 25). K5 cells formed K5/K14 filaments as 
well as K5/K17 filaments (Figure 25A-A’’’, Figure 12), whereas K6 cells formed K6/K17 and 
K6/K14 filaments (Figure 25 B-B’’’). In the same way, in K14 cells K5/K14 and K6/K14 filaments 
were detectable (Figure 25 C-C’’’) and in K17 cells K6/K17 and K5/K17 filaments were visible 
(Figure 25 D-D’’’). 
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Figure 25 Keratin filaments in K5, K6, K14 and K17 cells 
(A-A’’’) Immunostaining of keratins showed that K5 cells formed K14, K5 and K17 positive filaments (B-B’’’) K6 cells 
formed K14, K17 and K6 positive filaments.(C-C’’’) K14 cells displayed keratin filaments positive for K14, K5 and 
K6 and K17 cells (D-D’’’) displayed keratin filaments positive for K17, K5 and K6. Scale bars: 10µm. 
 
To investigate whether intercellular adhesive strength depends on distinct keratin isotypes, a 
mechanical cell dissociation assay was performed. It was shown before that loss of all keratins 
(KtyII-/- and KtyI-/-) weakens intercellular adhesive strength to a significant extent, as shown by 
100-fold increase in sheet fragments, compared to WT controls ((Figure 17), (Homberg et al., 
2015)).  
Expression of K14 (KtyI-/- K14) and K5 (KtyII-/- K5) restored epithelial sheet integrity to a 
significant extent, in contrast to K17 cells (KtyI-/- K17) and K6 cells (KtyII-/- K6) (Figure 26 A-
B’’). Confocal microscopy revealed a considerable decrease of DP1,2 at the plasma 
membrane and an accumulation of DP1,2 in the cytoplasm of K17 cells and K6 cells (Figure 
26 C’ and C’’’), compared to K14 cells and K5 cells (Figure 26 C and C’’).  
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Figure 26 Unstable desmosomes in K17 and K6 cells 
(A-B’’) Dispase assay revealed shear stress resilience of K14 and K5 cells, while K17 and K6 cells displayed 
fragmented epithelial sheets under the same conditions (mean+/-SEM, n=4, 3). (C-C’’’) DP1,2 is distributed at the 
plasma membrane in K14 cells and K5 cells. In contrast K17 cells and K6 cells displayed decreased and irregular 
plasma membrane distribution of DP1,2 and accumulation of DP1,2 in the cytoplasm. Scale bars: 10µm.  
 
For all further experiments only K14 and K17 cells were compared. 
In contrast to K5 cells (Figure 16), the re-expression of K14 in KtyI-/- cells restored the level of 
desmosomal proteins to almost WT levels (Homberg et al., 2015). Similar to keratin-free cells 
((Figure 16),(Homberg et al., 2015)) the level of desmosomal proteins in K17 cells were 
reduced, ranging from 76 % for Dsg1,2, 40 % PKP1, 45 % PKP3 , to 88 % for DP1,2 after 72 
h in high calcium medium, compared to K14 cells (Figure 27 B-B’). The mRNA levels of 
desmosomal proteins were unaltered (Figure 27 A).  
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Figure 27 Downregulation of desmosomal proteins in K17 cells 
(A) Q-PCR of Dsg1, DP1,2, PKP1 and PKP3 in K14 cells and K17 cells, cultured 24h in medium containing 1.2 mM 
Ca2+. Note similar mRNA levels between K14 and K17 cells, (mean+/-SEM, n=3). (B-B’) Desmosomal proteins were 
reduced in K17 compared to K14 cells as analyzed by WB after indicated time points in high calcium medium 
(mean+/-SEM, n=3).  
 
4.10  Increased disassembly of desmosomes and degradation of 
desmosomal proteins in K17 cells 
Lack of all keratins triggers accelerated disassembly of desmosomes and increased 
degradation of desmosomal proteins (Figure 20). To test whether expression of K14 or K17 
interferes with desmosome internalization and degradation in an isotype-specific way, junction 
formation was allowed for 24 h followed by disruption via EGTA-mediated Ca2+-depletion. 1 h 
after EGTA addition, DP1,2 accumulated in the cytoplasm of K14 and K17 cells, however 
internalization was much slower in K14 cells compared to K17 cells (Figure 28 A-B’). Similar 
to KtyII-/- cells, dynasore treatment of K17 cells re-established the distribution of DP1,2 even 
under conditions of Ca2+-depletion (Figure 28 C-C’). Western blot of total protein lysates after 
EGTA-treatment confirmed increased degradation of Dsg1,2 in K17 cells, compared to K14 
cells. Dsg1,2 degradation in K17 cells was blocked by treatment with dynasore or inhibitors of 
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protein degradation (chloroquine for lysosomes; lactacystein for proteasomes) (Figure 28 D). 
Inhibition of desmosome disassembly with dynasore restored desmosome functionality during 
the dispase assay in K17 cells, whereas inhibition of protein degradation failed to stabilize 
desmosomes to the same extent (Figure 28 E-E’’’).  
 
Figure 28 Accelerated disassembly and degradation of desmosomes in K17 cells 
(A-C’) Immunostainings for DP1,2 showed accelerated disassembly of desmosomes in K17 cells compared to K14 
cells, both induced by incubation with 2 mM EGTA for 1 h. Dynasore (dyn) treatment blocks desmosome 
internalization in K17 cells. Scale bars: 10 µm. (D) Quantification of Western blot analysis revealed increased 
degradation of Dsg1,2 in K17 cells compared to K14 cells after EGTA-treatment for 8 h. Treatment with dynasore 
(dyn), lactacystein (lac) or chloroquine (chloro) restores Dsg1,2 levels in K17 cells, (mean+/-SEM, n=3). (E-E’’’) 
Increased epithelial sheet stability in the dispase assay following treatment of K17 cells with dynasore, but not by 
combined treatment with chloroquine and lactacystein, (mean+/-SEM, n=3). 
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4.11  PKCα-mediated induction of desmosome disassembly in K17 
keratinocytes 
As shown above, PKCα plays an important role for the stability of desmosomes. Similar to 
KtyII-/- cells (Figure 22), PKCα is enriched in the membrane fraction of KtyI-/- cells and K17 cells 
compared to WT cells and K14 cells (Figure 29 A). To test whether K17 is involved in PKCα-
mediated destabilization of desmosomes, K17 cells were treated with the PKCα-inhibitor 
Gö6976 (Wallis et al., 2000) and K14 cells with the PKC-activator PMA. Inhibition of PKCα in 
K17 cells restored epithelial sheet stability upon application of mechanical stress, whereas 
PKCα activation in K14 cells significantly destabilized epithelial sheets (Figure 29 B-B’’’’). 
Given its role in desmosome disassembly (Hobbs and Green, 2012), the impact of activated 
PKCα was studied after induction of desmosome internalization by Ca2+-depletion. Western 
blotting of total protein lysates before and after Ca2+-depletion confirmed increased 
degradation of Dsg1,2 in PMA-treated K14 cells and demonstrated partially blocked 
degradation of Dsg1,2 in K17 cells, treated with Gö6976 (Figure 29 C). Activation of PKCs in 
K14 cells led to increased internalization of desmosomes, compared to vehicle treated control 
cells (Figure 29 D-E’). In contrast, treatment of K17 cells with Gö6976 resulted in stabilization 
of DP1,2 at the plasma membrane and slowed down EGTA-induced internalization (Figure 29 
F-G’). In line with the different intracellular and keratin isotype-dependent distribution of PKCα, 
this suggests that K5/K14 filaments sequester PKCα in the cytoplasm, thereby limiting 
desmosome disassembly, whereas K6/K17 filaments do not prevent accumulation of PKCα to 
the plasma membrane and destabilization of desmosomes. 
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Figure 29 PKCα activation mediates instability of desmosomes 
(A) Cell fractionation and WB showed increased PKCα in the plasma membrane fraction of KtyI-/- and K17 cells 
compared to WT and K14 cells, (mean+/-SEM, n=3). (B-B’’’’) Activation of PKCα with PMA in K14 cells destabilizes 
desmosomes, whereas blocking PKCα in K17 cells with Gö6976 stabilizes epithelial sheets in the dispase assay 
(mean+/-SEM, n=4). (C) Quantification of Western blot analysis showed increased degradation of Dsg1,2 in PMA-
treated K14 cells after EGTA addition for 8 h. Inhibition of PKCα in K17 cells slowed down Dsg1,2 degradation. (D-
G’) DP1,2 staining upon DMSO vehicle, PMA or Gö6976 treatment before and after Ca2+ depletion. Desmosome 
disassembly was accelerated in PMA-treated K14 cells. Upon Gö6976 treatment of K17 cells, DP1,2 re-localized 
to the plasma membrane and desmosome internalization was decreased.  
4.12  Depletion of Rack1 in K14 cells destabilize desmosomes 
Previous experiments suggested that keratins sequester PKCα through Rack1, thereby limiting 
the phosphorylation of DP to stabilize desmosomes (Kroger et al. 2013, Figure 23). To test 
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whether Rack1 interacts with specific keratin isotypes, Co-IP was performed. This preliminary 
experiment indicated that Rack1 interacts with K5 but not with K17 (Figure 30 A) Furthermore, 
knockdown of Rack1 in K14 and K17 cells led to significant downregulation of desmosomal 
proteins in K14 cells, whereas no additional effect was noted in K17 cells (Figure 30 B). 
Immunostainings after Rack1 depletion in K14 cells showed that DP1,2 is mis-localized at the 
plasma membrane and EGTA-induced desmosome internalization was accelerated (Figure 30 
C-C’’’). 
 
Figure 30 Rack1 interaction 
(A) IP of Rack1 revealed an association of Rack1 with K5 but not with K17, (n=2). (B) Knockdown of Rack1 and 
subsequent WB showed downregulation of Dsg, DP, PKP1 and PKP3 in Rack1 depleted K14 cells, but almost no 
effect of Rack1 depletion on the amount of desmosomal proteins in K17 cells, Data (mean+/- SEM, n=4) are fold 
changes of scramble controls. (C-D’) DP1,2 staining following siRNA transfection with si scramble or si Rack1, 24 
h in high calcium before and after Ca2+-depletion showed mis-localization of DP1,2 and accelerated desmosome 
disassembly in Rack1 depleted K14 cells. Scale bars: 10 µm.   
4.13  K5 protein abundance is crucial to stabilize desmosomes in 
keratinocytes 
To examine whether enhanced internalization and degradation of desmosomal proteins with 
subsequent altered cell adhesion depends on the presence of distinct keratins or relative 
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protein levels of type I or type II keratins, the keratin expression in K14 and K17 cells was 
examined in more detail. 
Western blot of total protein lysates showed comparable levels of K14 and K17 (38% and 31% 
vs WT). While the level of K5 protein was higher in K14 compared to K17 cells (26%:13%) the 
amount of K6 was higher in K17 (57%:32%) compared to K14 cells (Figure 31 A). The mRNA 
levels of these type II keratins in both K14 and K17 cells were unaltered (Figure 24 ). Analysis 
of protein half-life times, following cell treatment with cycloheximide and subsequent WB, 
revealed increased stability of K5 and accelerated degradation of K6 in the presence of K14 
and increased stability of K6 along with increased degradation of K5 in the presence of K17 
(Figure 31 B-B’). 
 
Figure 31 Stability of type II keratins dependent on the type I binding partner 
(A) Quantification of WB of keratin proteins confirmed re-expression of K14, K5 and K6 in K14 cells and K17, K5 
and K6 in K17 cells. Note similar levels of K14 and K17 but disparate levels of K5 and K6. (B) Quantification of WB 
revealed increased degradation of K5 in K17 cells and increased degradation of K6 in K14 cells 8 h after CHX-
treatment, (mean+/-SEM, n=3). (B’) The corresponding mRNA levels remained unaffected upon this treatment, 
(mean+/-SEM, n=3). 
 
To analyze whether desmosome stability depends on the relative protein levels of type II 
keratins K5 and K6 or the presence of type I keratins K14 and K17, knockdown of K5 or K6 
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was performed in K14 and K17 cells. Depletion of K5 in K14 cells or K17 cells led to a strong 
reduction of K5 mRNA and protein, whereas K6, and K17 mRNA and protein levels were 
unaltered (Figure 32 A-A’). The amount of K14 mRNA was slightly reduced after K5 
knockdown, but K14 protein levels were unaltered (Figure 32 A-A’). In contrast, knockdown of 
K6 strongly increased K5 protein levels in both cell lines, whereas the amount of K17 protein 
was significantly reduced in K17 cells (Figure 32 B’). Q-PCR showed that in contrast to the 
protein, K5 mRNA was slightly reduced (Figure 32 B) upon K6 knockdown, which indicates 
that in the absence of K6, K5 protein is stabilized. 
 
 
Figure 32 Keratin expression after K5 or K6 knockdown 
(A) Quantification of Western blot analysis showed strong reduction of K5 protein level 48 h after K5 knockdown. 
Note unaltered K6, K14 and K17 levels (mean+/-SEM, n=3). (B) K6 knockdown caused upregulation of K5 in K14 
and K17 cells and downregulation of K17 in K17 cells, while K14 level in K14 cells remained unaffected, (mean+/-
SEM, n=3). 
 
Furthermore, confocal microscopy showed that 48 h after K5 knockdown almost no K5 positive 
keratin filaments were detectable, whereas K6 positive filaments formed in the absence of K5 
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(Figure 33 A-B’’’). Also K6 filaments were almost absent after K6 knockdown, whereas K5 
filaments could form (Figure 33 C-C’’’). 
 
 
Figure 33 Keratin filament organization after K5 or K6 knockdown 
(A-C) Immunostaining for type II keratins showed absence of K5 positive filaments in K5 depleted cells and absence 
of K6 after K6 knockdown. Furthermore, there was a comparable filament organization in depleted cells, compared 
to scramble controls. Scale bars: 10 µm. 
Interestingly, depletion of K5 in K14 cells was accompanied by decreased DP1,2 localization 
at the plasma membrane and its accumulation in the cytoplasm (Figure 34 A-A’). Furthermore, 
knockdown of K6 in K17 cells partially restored membrane localization of DP1,2 compared to 
control cells, probably due to the presence of K5/K17 filaments (Figure 34 A’’-A’’’). Knockdown 
of K5 in K14 cells led to reduced amounts of Dsg1,2, in agreement with reduced epithelial 
sheet stability in the dispase assay (Figure 34 B). Depletion of K6 in K17 cells induced a 2.5 
fold increase of Dsg1,2 at the protein level, accompanied by enhanced epithelial sheet stability 
(Figure 34 C-E’’). 
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Figure 34 Ratio of K5/K14 versus K6/K17 protein levels determines desmosome stability 
(A-A’’’) Reduction of DP1,2 at the plasma mebrane in K14 cells upon K5 knockdown and re-localization of DP1,2 
to the plasma mebrane in K17 cells after K6 knockdown. Scale bars: 10 µm. (B) Decreased Dsg1,2 protein level 
following K5 knockdown in K14 cells and increased Dsg1,2 level in K17 cells upon K6 knockdown (mean+/-SEM, 
n=3). (C, D-D’’, E-E’’) K5 knockdown decreased sheet stability in K14 cells and K6 knockdown increased sheet 
stability in K17 cells (dispase assay), (mean+/-SEM, n=4). 
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In further support, transient transfection of a K14 cDNA in K17 cells led to a strong increase of 
K5 proteins, whereas K6 expression was less affected (Figure 35 A, C). Q-PCR showed that 
mRNA-levels of K5, K6 and K17 are not altered after transient transfection of K14 (Figure 35 
B). 
 
Figure 35 Re-expression of K14 in K17 cells led to upregulation of K5 protein 
(A) WB validated expression of K14 in K17 cells after transient transfection with K14 cDNA. (B) Q-PCR showed 
that mRNA levels of K5, K6 and K17 are not altered after transfection with K14 cDNA, (mean+/-SEM, n=3). (C) 
Transient transfection with K14 increased K5 and K6 levels without affecting K17 protein levels, compared to mock-
transfected controls, (mean+/-SEM, n=7).  
Expression of K14 and concomitant upregulation of K5 in K17 cells, supported increased 
epithelial sheet integrity during the dispase stress assay and increased levels of Dsg1,2 and 
PKP1, in comparison to mock-transfected K17 cells (Figure 36 A-B’’). 
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Figure 36 Re-expression of K14 in K17 cells rescued desmosome stability  
(A) Re-expression of K14 in K17 cells increased amounts of Dsg1,2, PKP1 and PKP3 (mean+/-SEM, n=3). (B-B’’) 
Transient transfection of K14 into K17 cells increased stability of epithelial sheets in the dispase assay (mean+/-
SEM, n=4).  
 
4.14  Expression of K17 promotes cell migration in a PKCα-
dependent manner 
To test if next to decreased intercellular adhesion in K17 cells, also collective cell migration is 
accelerated compared to K14 cells, a scratch wound migration assay was performed. 
Wounding of confluent monolayers, cultured in high-calcium medium showed a significant 
accelerated wound closure in K17 expressing cells, compared to K14 expressing cells (Figure 
37, A-B’’ and D). To address if increased activation of PKCα in K17 cells leads besides reduced 
cell-cell adhesion also to accelerated wound closure, K17 cells were treated with the PKC 
inhibitor Gö6976 after wounding. Blocking PKCα significantly inhibited scratch wound closure 
(Figure 37 C-C’’ and D). 
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Figure 37 Accelerated wound closure in K17 cells compared to K14 cells 
A scratch wound assay was performed to compare collective cell migration in K14 and K17 cells. (A-C’’’): The 
scratch was ~800 µm wide. Phase contrast images at 0h, 24 h and 48 h after scratching showed accelerated 
migration in K17 cells. Inhibition of PKCα with Gö6976 slowed down migration. Scale Bar: 300 µm (D) Relative 
wound density over time showed significant accelerated wound closure overtime in untreated K17 cells, compared 
to K14 cells or K17 cells treated with Gö6976 (mean +/-SEM, n=11). 
 
4.15  Impact of keratin deletion on adherens junctions and actin 
organization 
In view of the reported effects on adherens junctions and the reorganization of the actin 
cytoskeleton in DP-/- keratinocytes (Vasioukhin et al., 2001), distribution and expression of 
Ecad and the armadillo repeat proteins α-catenin, and p120, involved in adherens junctions 
maintenance and linkage to the actin cytoskeleton (Niessen et al., 2011), were studied in KtyII-
/- cells. Immunofluorescence staining of Ecad, α-catenin and p120-catenin showed that KtyII-/- 
cells had only an immature, “zipper-like” appearance of adherens junction ( B-B’’’’ and C-C’’’’), 
whereas in WT and K5 cells adherens junction proteins were localized as a straight line tightly 
connected to the plasma membrane (Figure 38 A-A’’’’ and D-D’’’’). The mRNA and protein 
levels of adherens junctions proteins were unaltered in KtyII-/- cells (Figure 38 E-F). 
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Figure 38 Altered arrangement of adherens junctions 
(A-D’’’’) Staining for Ecad α-catenin and p120-catenin, 24h after the Ca2+-switch showed an immature “zipperlike” 
appearance of adherens junctions in the absence of keratins Scale bars: 10µm (E-F) There was no change in the 
expression of adherens junctions mRNAs (mean+/- SEM, n=3) or proteins, as shown by Q-PCR and WB, 
respectively.  
 
F-actin staining showed that junctional actin fibers were significantly reduced in the absence 
of keratins compared to controls. Conversely, the number of stress fibers spanning the 
cytoplasm was significantly increased in KtyII-/- keratinocytes compared to WT cells. Re-
expression of K5/K14 rescued this phenotype (Figure 39 A-A’’). Furthermore a G/F-actin assay 
showed an increased F-actin to G-actin ratio in KtyII-/- cells compared to WT (Figure 39 C). In 
 Results 
 
 
 77 
contrast, the organization of microtubules seemed to be unaffected in KtyII-/- cells (Figure 39 
B-B’’’). 
 
Figure 39 Impaired organization of the actin cytoskeleton in KtyII-/- cells 
(A) Staining of F-actin with Phalloidin-Alexa 488 (F-actin) showed impaired actin organization in KtyII-/- cells (A’), 
compared to WT and K5 cells (A and A’’). (B) Staining for tubulin showed no difference in microtubule organization 
in the absence of keratins. Scale bars: 10 µm. (C) A G/F actin fractionation assay showed increased F-actin levels 
in KtyII-/- cells (mean +/-SEM, n=3).  
 
Reorganization of the actin cytoskeleton together with tightly controlled myosin-II activity 
produces mechanical forces that drive junction assembly, maintenance and remodeling 
(Cavey and Lecuit, 2009). To investigate if in addition to impaired reorganization of the 
junctional actin cortex, loss of keratins also leads to changes of myosin-II activity, WT and 
KtyII-/- cells were stained for the active, phosphorylated form of myosin light chain (pMLC). In 
WT cells, active myosin staining overlapped with the junctional actin cortex and was 
homogenously distributed around cell-cell contacts (Figure 40 A-A’’’). In contrast in KtyII-/- cells 
active myosin light chain was concentrated in a punctual pattern along cell-cell borders and 
overlapped to a great extent with intracellular actin stress fibers (Figure 40 B-B’’’). Western 
blotting for active myosin light chain and total myosin light chain revealed no difference of 
myosin-II activity between WT and KtyII-/- cells (Figure 40 C). To investigate if mis-localized 
actomyosin contractility in KtyII-/- lead to impaired formation of adherens junctions and 
desmosomes, KtyII-/- cells were treated with the myosin II inhibitor blebbistatin. Blocking 
myosin II acitivity led to re-localization of DP1,2 and Ecad to the plasma membrane and 
decreased the intracellular actin stress fibers in KtyII-/- cells (Figure 40 D-E’’).  
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Figure 40 Impaired actomyosin contractility in KtyII-/- cells 
(A-B’’’) Immunostaining for Ecad, F-actin (Phalloiding-Alexa 488) and phospho-myosin light chain (pMLC) showed 
that active myosin overlaps with the junctional actin cortex in WT cells, whereas p-MLC overlaps with the non-
junctional actin stress-fibers in KtyII-/- cells. (C) WB of p-MLC and MLC showed unaltered levels of active myosin in 
WT and KtyII-/- cells (n=3). (D-E’’) Immunostainings for DP1,2, Ecad and F-actin showed mis-organized 
desmosomes, adherens junctions and actin in untreated KtyII-/-cells. Blebbistatin treatment led to re-localization of 
DP1,2 and Ecad to the membrane, and a decrease of intracellular actin stress fibers. Scale bars: 10 µm. 
 
4.16  Regulators of junction stability and junctional actin 
organization 
At initial cell-cell contacts, membrane dynamics is mediated by PI3K-dependent transient 
activation of Rac1, whereas Rac1 is inactivated at mature cell-cell contacts to allow 
strengthening of junctions (Perez et al., 2008). To analyze the activity levels of Rac1 a GST-
Pulldown assay with a GST-tagged p21-binding domain (PBD) of the Rac-effector protein 
PAK1, which binds specifically GTP-Rac1, was used. This assay showed that 24 h after 
increasing the Ca2+-concentration, the Rac activity was almost 2.5 fold higher in KtyII-/- cells, 
compared to WT controls (Figure 41 A). Inhibition of PI3K with LY294002 reduced Rac-activity 
level in KtyII-/- cells significantly (Figure 41 A). Furthermore Rac-activity at adherens junctions 
is controlled by PI3K-mediated localization and activation of the Rac-GEF Tiam1 (Cain et al., 
2010; Sander et al., 1998). Treatment with NSC23766, a specific inhibitor of Tiam1-mediated 
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Rac-activation blocked Rac1-activation in KtyII-/- cells (Figure 41 A’). To confirm that Tiam1-
mediated Rac1-activation led to mis-organized, destabilized junctions and impaired actin 
organization in KtyII-/- cells, Tiam1 was depleted using siRNA. Tiam1 knockdown led to WT-
like formation of desmosomes, adherens junctions and normal organization of the actin 
cytoskeleton in KtyII-/- cells, compared to controls (Figure 41 B-C’’). In further support, Tiam1-
depletion stabilized epithelial sheets of KtyII-/- cells in the dispase assay (Figure 41 D-D’’). 
 
 
Figure 41 Deletion of keratins lead to Rac-activation via Tiam1 
(A-A’) Rac-GTP-Pulldown assay showed increased Rac1-GTP levels in KtyII-/- cells compared to WT controls. 
Treatment with LY294002 (A) or NSC23766 (A’) reduced Rac-activation in KtyII-/- cells, (mean +/- SEM, n=3). (B-
C’’) Immunostaining for DP1,2, Ecad and F-actin (Phalloidin-Alexa488) in Tiam1-depleted KtyII-/- cells and 
corresponding controls, showed re-localization of DP1,2 and Ecad to the plasma membrane and normal actin 
organization in KtyII-/- cells after Tiam1-knockdown. Scale bar: 10 µm. (D-D’) Knockdown of Tiam1 in KtyII-/- cells 
increased stability of epithelial sheets in the dispase assay (mean+/-SEM, n=3).  
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During junction assembly, PI3K is transiently recruited and activated upon Ecad engagement 
which leads to the accumulation of PIP3 and promote actin and membrane dynamics. To allow 
consolidation of Ecad clusters and strengthening of junctions, PI3K activity is downregulated 
at maturing junctions (Perez et al., 2008). Studies in Drosophila epithelial tissue, as well as 
mammalian epithelial cells, showed that the lipid phosphatase PTEN (phosphatase and tensin 
homologue from chromosome 10), is crucial to decrease PIP3 levels at mature cell-cell 
contacts which led to decreased membrane dynamics and restoration of homogeneous 
contractility around the peri-junctional cortex of cells (Bardet et al., 2013; Kotelevets et al., 
2001; Kotelevets et al., 2005; Subauste et al., 2005). To examine if altered junctional actin 
organization, impaired distribution of myosin II activity and decreased junctional stability in 
KtyII-/- cells is linked to altered PI3K and PTEN- signaling, the expression of PTEN in WT, KtyII-
/- and K5 cells was analyzed. Q-PCR experiments showed no alteration in PTEN mRNA level 
in all cell-lines (Figure 42 A). In contrast, the amount of PTEN protein was significantly 
downregulated in the absence of keratins (KtyII-/-), compared to keratin-expressing cells (WT 
and K5 cells) (Figure 42 A’). To test the hypothesis that loss of PTEN lead to sustained 
activation of PI3K-signaling in the absence of keratins, KtyII-/- cells were treated with the PI3K-
inhibitor LY294002. In agreement with this hypothesis, staining for DP1,2, Ecad and F-actin 
showed that blocking of PI3K-activity by LY294002 led to an almost WT-like pattern of 
desmosomes and adherens junctions and to a normal junctional actin organization (Figure 42 
B-C’’). Furthermore the stability of epithelial sheets was significantly increased in KtyII-/- cells 
after treatment with LY294002 (Figure 42 D-D’’). 
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Figure 42 Overactivated PI3K signaling in the absence of keratins 
(A) Q-PCR showed unaltered PTEN mRNA-levels in WT, KtyII-/- and K5 cells (mean+/- SEM, n=3) (A’) Quantification 
of Western blot analysis revealed significant reduction of PTEN protein in KtyII-/- cells compared to WT and K5 cells 
(mean+/- SEM, n=3). (B-C’’) Immunostaining for DP1,2, Ecad and F-actin showed that blocking PI3K-activity by 
treatment with Lys294002 led to relocalization of DP1,2 and Ecad to the membrane and decrease of intracellular 
actin stress fibers and normal actin organization. Scale bars: 10 µm. (D-D’’) Blocking PI3K-activity (Lys294002) 
increased epithelial sheet stability in the dispase assay (mean+/- SEM, n=3).  
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In addition to PTEN, also vinculin is recruited to adherens junctions and is required for 
strengthening of cell-cell contacts over time (Thomas et al., 2013). Vinculin not only couples 
F-actin to adherens junctions, but also prevents PTEN degradation by stabilizing the β-catenin-
MAGI2-PTEN protein complex (Subauste et al., 2005). Vinculin staining in WT and KtyII-/- cells 
showed, that in the presence of keratins, 24 h after increasing the Ca2+-concentration, vinculin 
was recruited to adherens junctions, and co-localized with Ecad (Figure 43 A-A’’’). In contrast, 
vinculin staining only partly overlapped with adherens junctions in KtyII-/- cells and showed in 
addition a focal-adhesion-like pattern (Figure 43 B-B’’’). Furthermore, vinculin seemed to serve 
as anchoring point for intracellular actin stress fibres in KtyII-/- cells (Figure 43 A’’’’, B’’’’).  
 
 
Figure 43 Vinculin localization 
Co-staining for Ecad, F-actin (Phalloidin-Alexa488) and vinculin showed localization of vinculin at adherens 
junctions in WT cells (A-A’’’). In contrast, in KtyII-/- cells vinculin only partially displayed an adherens junction-like 
pattern. Additionally there was a focal-adhesion like distribution of vinculin detectable. Scale bars: 10 µm.  
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5 Discussion 
Expression and interaction of desmosomal components and keratins provide stable cell 
cohesion and protect the epidermis against various types of stress. The differentiation-specific 
isotype composition of the keratin cytoskeleton and desmosomes is regarded as major 
determinant of adhesive strength. However, the significance of altered keratin expression for 
desmosomal composition and adhesion remains incompletely understood at a mechanistic 
and functional level. In this study, the comparison of keratinocytes lacking all keratins or 
expressing only distinct keratin isotypes provided an excellent model to examine keratin 
contribution to the formation and stability of desmosomes. Most importantly, this study 
demonstrated for the first time that keratins regulate desmosome stability in a PKCα-
dependent manner. In addition, it provides strong evidence for an adhesion-promoting role of 
some keratins whereas others support more dynamic desmosomes. 
5.1 Cell culture model: Keratinocytes completely devoid of keratins 
Absence of all keratins diminished the number of desmosomes, accompanied by cytoplasmic 
accumulation of DP in yolk sac and placental trophoblast cells, as well as in the epidermis of 
mice (Bar et al., 2014; Kroger et al., 2011; Vijayaraj et al., 2009). To further analyze how 
keratins regulate desmosome maintenance at a mechanistic level, keratin-free (KtyII-/-) and 
control keratinocyte lines expressing the normal set of keratins (WT) from corresponding 
strains of mice were isolated. PCR, Q-PCR and Western blot confirmed the absence of type II 
keratin genes, mRNA and protein in KtyII-/- cells, whereas type I keratin genes were maintained 
and transcribed at the same level, as WT controls. At the protein level, all type I keratins were 
undetectable or strongly reduced, which is consistent with the proteolytic sensitivity of type I 
keratins in the absence of their type II keratin binding partners (Domenjoud et al., 1988; Kulesh 
et al., 1989; Magin et al., 1990). Immunostainings confirmed the complete absence of keratin 
filaments and showed that in contrast to tumor cells, which downregulate keratins and 
upregulate vimentin during EMT (Paccione et al., 2008), no compensatory upregulation of 
vimentin was induced by the deletion of keratins in this cell culture model.  
To confirm keratin dependence of phenotypes, two additional cell lines were generated by 
lentiviral transduction of KtyII-/- cells, a rescue cell line with K5-cDNA (K5 cells) and a negative 
control with cDNA coding for GFP (GFP cells). After the stable transduction of K5-cDNA, K5 
levels reached ~13%, compared to WT controls. The rather low expression level could be 
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explained by a lower efficiency of the CMV-promotor compared to the endogenous K5 
promotor, although it was shown before that transgene expression under the control of the 
CMV-promotor was highest compared to promotors like EF1α (elongation factor 1 α) or the 
PGK (phosphoglycerate kinase 1) promotor (Liu et al., 2006). Furthermore, it is possible that 
expression of the transgene was downregulated in the cells after integration in the genome by 
methylation of the CMV-promotor, as already shown for other transgenes (Brooks et al., 2004). 
In addition to K5, the type I keratins K14, K17 and very little amounts of K16 were stabilized at 
the protein level in K5 cells. The re-expression of K5 led to the formation of intermediate 
filaments between K5/K14, K5/K17 and in some cells K5/K16, what proves the ability of K5 to 
interact with K14 as well as with K17 and K16. Affinity of K5 for K16 might be lower, which 
could explain why K5/K16 filaments were detected only in <5% of the cells. Furthermore, this 
indicates that although K5 is able to interact with different type I keratins, specific keratin pairs, 
like K5/K14 formed preferentially in cells in culture. In support, the stability of heteromeric 
complexes between distinct keratins is different in vitro, although all type I keratins can pair 
with all type II keratins in this setting (Hatzfeld and Franke, 1985). In further support, Q-PCR 
and WB suggested that selectivity of certain keratin pairs occurs at the protein level and is not 
due to differences at the transcript level. Whether this difference in stability is related to 
differences in affinities or is affected by different posttranslational modifications of keratins 
(Loschke et al., 2015) remains to be shown. Irrespective of composition, confocal microscopy 
of keratins showed wildtype-like cytoskeletal organization in K5 cell lines. Taken together this 
cell culture model provides an excellent model to examine the contribution of keratins to cell-
cell adhesion.  
 
5.2 Keratins regulate desmosome stability and hyper-adhesion 
While stability of cell-cell contacts, like desmosomes and adherens junctions, is crucial for 
tissue integrity, their dynamic remodeling is important during processes like epithelial 
morphogenesis, differentiation and wound healing. Although the importance of desmosomes 
to epidermal coherence and keratin organization is well established, the significance of 
keratins in desmosome organization has not been fully resolved. Absence of all keratins in the 
epidermis of mice diminished the number and size of desmosomes, accompanied by 
cytoplasmic accumulation of desmoplakin (Bar et al., 2014). To clarify how keratins influence 
the organization of desmosomes on a molecular level, desmosomes were analyzed in keratin-
free keratinocytes, isolated from KtyII-/- E18.5 embryos (KtyII-/- cells). Those cells, showed the 
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same shift of desmosomal proteins from the plasma membrane to the cytoplasm, as observed 
in vivo in the epidermis. Co-localization of desmosomal cadherins (Dsg1,2) and intracellular 
components DP1,2 and PKP1 suggested the accumulation of whole or halfdesmosomes or 
the formation of desmosomal aggregates after internalization in the cytoplasm of KtyII-/- cells. 
Considering the context, occurrence of half-desmosomes is likely to be different from 
endocytosis of individual components (Green et al., 2010; Kitajima, 2013). Possibly, absence 
of keratins reduced the strength by which desmosomal cadherins associate, promoting 
internalization of half desmosomes. However, whether desmosomes are internalized as whole 
or half desmosomes or disassemble in the absence of keratins is not clear. Additional electron 
microscopy would be necessary to answer this question. Re-expressing keratins, but not GFP 
in KtyII-/- cells led to redistribution of desmosomal proteins to the plasma membrane, clearly 
indicating a keratin-dependent mechanism. Furthermore, surface biotinylation showed a 50 % 
reduction of Dsg2 at the plasma membrane in the absence of keratins, which was completely 
restored by K5/K14 re-expression. This indicated that desmosomes were stabilized at the 
plasma membrane in K5 cells. Accumulation of desmosomal proteins in the cytoplasm in KtyII-
/- cells goes along with decreased levels of desmosomal proteins compared to WT cells. In 
contrast, mRNA levels were unaltered, suggesting that desmosomal protein turnover but not 
transcriptional or posttranscriptional control depend on the presence of keratins. This decline 
of total protein levels was not rescued in K5 cells, which might be due to (1) a need for a 
threshold level of keratins engaged in multiple desmosomal protein interactions to stabilize 
them; (2) the keratin isotype present; or (3) a potential involvement of posttranslational 
modifications that may not be present in K5 cells. The notion, that keratinocytes with severe 
K5 and K14 mutations also displayed a decrease of desmosomal proteins (Homberg et al., 
2015; Liovic et al., 2009) supports a mechanistic role of keratins in desmosomal protein 
regulation. Consistent with the reduction of desmosomal proteins at the plasma membrane 
and decreased total protein levels of all components of the desmosomal plaque, the 
intercellular adhesive strength in epithelial sheets was severely impaired in KtyII-/- cells. 
Impaired epithelial sheet integrity in the mechanical dispase assay, could be a result of 
defective cell-cell contacts or impaired cell integrity. Although measurements with an optical 
stretcher as well as atomic force microscopy showed that keratins significantly contribute to 
cell stiffness and mechanical integrity of keratinocytes (Ramms et al., 2013; Seltmann et al., 
2013a), cell lysis, determined by the LDH-level in the supernatant, appeared to be a rare event. 
This implies that the observed cell fragments resulted from disruption of cell-cell contacts. 
Additional electron microscopy of cell sheets showing the splitting of desmosomes in the 
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extracellular domain would further strengthen this argument. Interestingly, the sheet integrity 
was rescued to a significant extent in K5 cells even in the presence of only ~13 % K5 compared 
to WT control, thus further supporting the usefulness of EBS therapy approaches aimed at 
partial restoration of intact keratins (Roth et al., 2012a). Based on the fact that the deletion of 
the type I keratin cluster (KtyI-/- cells) led to desmosome instability, mis-localization and 
decreased protein levels of desmosomal components (Homberg et al., 2015), similar to KtyII-/- 
cells, indicate that loss of keratins at the protein level and not deletion of non-coding RNAs or 
effects on the chromatin organization causes desmosome instability. 
Desmoglein and desmocollin, like all cadherins, are calcium-dependent adhesion molecules 
(Getsios et al., 2004; van Roy and Berx, 2008), but in contrast to adherens junctions, 
desmosomes, in cultured cells and in vivo, can adopt two alternative adhesive states. In 
healthy tissues and in confluent cell-monolayers, desmosomes become calcium-independent, 
which goes along with a stronger adhesion, termed hyper-adhesion. In sub-confluent 
monolayers, or in vivo during early embryogenesis and wound re-epithelialization, 
desmosomes become calcium-dependent (Kimura et al., 2007; Kimura et al., 2012; McHarg 
et al., 2014). Consistent with the observation in HaCaT cells (Kimura et al., 2007), 
approximately 100 % of WT mouse keratinocytes demonstrated Ca2+-independent, hyper-
adhesive desmosomes after 6 days in high calcium medium and retained desmosomal 
contacts in the presence of Ca2+-chelating agents, like EGTA. In contrast, only a subset of WT 
cells possessed calcium-independent desmosomes after 24 h culture in high calcium medium 
and are dispersed into single cells in the presence of Ca2+-chelating agents under mechanical 
stress. Experiments in keratin-free keratinocytes clearly showed that keratins were necessary 
to form hyper-adhesive desmosomes. However, whether a direct interaction of the keratin 
cytoskeleton to the desmosomal plaque is necessary to mediate the conformational changes 
of the extracellular domains of desmosomal cadherins (Garrod et al., 2005) remains to be 
shown. Desmosomes carrying DP mutations that prevent the attachment of intermediate 
filaments seem to acquire a hype-radhesive state (Garrod and Tabernero, 2014; Jonkman et 
al., 2005). In contrast, loss of desmoplakin in the epidermis leads to extensive intercellular 
separations (Vasioukhin et al., 2001), indicating that the presence of DP and keratins might be 
important for the formation of hyper-adhesive desmosomes, but not the direct interaction 
between DP and keratins. Furthermore, also the downregulation of PKP1 in KtyII-/- cells might 
explain that desmosomes in those cells could not achieve a hyper-adhesive state, because 
Tucker and colleagues showed that PKP1 overexpression promoted the hyper-adhesive state 
by mediating the lateral interactions between DP and Dsg3 (Tucker et al., 2014). Although the 
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switch during wound healing occurs without any qualitative or quantitative changes in the major 
desmosomal components (Kimura et al., 2007). Previous studies have shown that the switch 
between the hyper-adhesive, Ca2+-independent state and the Ca2+-dependent state of 
desmosomes during wound healing is triggered by activation of PKCα or inhibition of tyrosine 
phosphatases (Thomason et al., 2012; Wallis et al., 2000) (Garrod and Chidgey, 2008; Kimura 
et al., 2007; Wallis et al., 2000). Whether keratins are involved in regulating PKCα activity to 
modulate the adhesive state of desmosomes remains to be shown. 
 
5.3 Analysis of assembly and internalization of desmosomes in 
KtyII-/- cells 
Weak cell-cell adhesion could result from impaired junction assembly, from increased 
disassembly or from elevated dynamics of cell-cell contacts. Cultured keratinocytes are a 
useful system to study desmosome formation and internalization by Ca2+-switching (Watt et 
al., 1984). Keratinocytes that are cultured in media containing low Ca2+-concentrations (< 0.1 
mM) proliferate without differentiation and do not form cell-cell contacts. Increasing the Ca2+-
concentration in the medium induces desmosome formation (Kitajima, 2013). DP translocation 
to the plasma membrane was slightly delayed in keratin-free keratinocytes, but in the end 
desmosomes formed in the absence of a keratin cytoskeleton. Yet, electron microscopy of WT 
and KtyII-/- cells revealed a 30% reduction of desmosome size, but the morphology of 
desmosomes was unaltered in KtyII-/- cells (Kroger et al., 2013), indicating that keratins are not 
essential for desmosome assembly, which is consistent with the observation that a DP mutant 
lacking the keratin-binding domain could translocate to the desmosomal plaque during 
desmosome assembly (Godsel et al., 2005). Both findings support the idea that the interaction 
of DP with intermediate filaments is not required for DP incorporation into the desmosomal 
plaque. However, it was shown before that efficient movement of DP to cell-cell contacts also 
requires a correctly organized actin cytoskeleton (Godsel et al., 2005). Taking the impaired 
actin organization in KtyII-/- cells into account, this could explain the slight delay in desmosome 
assembly in keratin-free cells. PKP1 (Hatzfeld et al., 2000; Kowalczyk et al., 1999; Sobolik-
Delmaire et al., 2006), as well as PKP2 (Godsel et al., 2010) are known to regulate the actin 
cytoskeleton and promote recruitment of DP to the plasma membrane and might be involved 
in remodeling of the actin cytoskeleton and delayed DP translocation to the plasma membrane 
in KtyII-/- cells. Furthermore, the premature adherens junctions, observed in KtyII-/- cells, could 
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also explain the delay in desmosome assembly, because initial adherens junction formation is 
a prerequisite for desmosome formation (Kitajima, 2013). 
However, after 24 h into junction formation, DP had re-distributed to a significant extent into a 
cytoplasmic pool, suggesting that keratins might be primarily involved in desmosome 
maintenance. To test this hypothesis, desmosome internalization was further induced by 
addition of EGTA to the medium, 24 h after Ca2+-switch. On chelation of extracellular calcium, 
calcium dependent desmosomes split into half desmosomes that are rapidly internalized as 
shown before by electron microscopy (Kartenbeck et al., 1982; Mattey and Garrod, 1986). 
Following EGTA addition, desmosomes were internalized and desmosomal proteins are 
degraded faster in KtyII-/- cells compared to WT and K5 cells, which implies an important role 
of keratins in stabilizing desmosomes at the plasma membrane. In contrast to MDCK cells 
where internalized desmosomes co-localized with lysosomes (McHarg et al., 2014), co-
stainings of Dsg1,2 with the early endosome marker EEA1 and the lysosomal marker Lamp2, 
revealed accumulation of internalized desmosomes in a compartment different from early 
endosomes or lysosomes in KtyII-/- cells. However, previous reports have shown that 
internalized desmosomes associate with the late endosomal marker mannose-6-phosphate or 
the ubiquitin activating enzyme E1 (Burdett, 1993; Schwartz et al., 1992). In contrast, in HMT-
3522 cells (human breast epithelial cell line) vesicles with desmosomal plaques were not 
enriched in MPR (cation-independent mannose-6-phosphate receptor), cathepsin D or the 
lysosome-associated membrane protein Lamp-1 after EGTA-treatment (Holm et al., 1993), 
which indicates a cell type specific mechanism. To clarify the endocytotic route of internalized 
desmosomes in keratin-free keratinocytes, additional co-localization studies with endosomal 
and lysosomal markers at different time points after EGTA-induced desmosome internalization 
are necessary. Furthermore, Ca2+ chelation is unphysiological, and does not appear to 
resemble the “normal” routes of desmosome downregulation in vivo (Garrod, 2010). A more 
physiological investigation of desmosome dynamics in keratin-free cells could possibly be 
achieved by live cell imaging of fluorescently tagged desmosomal proteins. However, 
increased internalization and degradation of desmosomes in the absence of keratins could be 
due to a role of keratins in regulation of protein turnover, recycling of desmosomes or 
stabilization of desmosomes at the plasma membrane. Dsg predominantly resides in lipid rafts 
(Brennan et al., 2012), which are cholesterol-enriched hubs for signaling and endocytosis 
(Staubach and Hanisch, 2011). Lipid-raft mediated endocytosis encompasses various 
pathways and is dependent on many regulators, like dynamin, caveolin and flotillin (Doherty 
and McMahon, 2009). It was shown before that internalization of Dsg2 is caveolin- and 
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dynamin dependent (Brennan et al., 2012; Delva et al., 2008; Resnik et al., 2011). Blocking 
dynamin-dependent endocytosis restored Dsg2 levels at the plasma membrane completely 
and rescued functionality of desmosomes during the mechanical dispase assay in KtyII-/- cells, 
which led to the conclusion that keratins are mainly involved in preventing desmosome 
internalization by stabilizing cell-cell contacts. In summary these data indicated that in the 
absence of keratins, internalization of desmosomes is faster and results in instability of 
epithelial sheets. Whether the observed desmosomal particles in the cytoplasm of KtyII-/- cells 
are internalized half desmosomes, endocytosed vesicles of individual desmosomal proteins or 
whether they occur due to impaired assembly is not clear. Electron microscopy and time-lapse 
imaging of fluorescently labeled desmosomal proteins would help to understand this 
mechanism in more detail.  
 
5.4 Keratins control desmosome maintenance involving PKCα-
mediated desmoplakin phosphorylation 
PKC activation plays an important role in remodeling of desmosomes and is involved in 
desmosome assembly and disassembly (Amar et al., 1999; Amar et al., 1998; van Hengel et 
al., 1997). The formation of a complex between DP, PKP2 and PKCα and subsequent 
phosphorylation of DP was demonstrated during desmosome assembly (Bass-Zubek et al., 
2008). On the other hand, desmosomal adhesiveness is regulated by PKCα, in such that 
activation promotes the more dynamic calcium-dependent state and inhibition of PKCα 
promotes hyper-adhesion (Garrod et al., 2005; Kimura et al., 2007; Thomason et al., 2012; 
Wallis et al., 2000). PKCα-mediated remodeling of desmosome adhesion is crucial during 
wound healing, which is consistent with the observation that re-epithelialization is delayed in 
the absence of PKCα and accelerated by its overexpression (Thomason et al., 2012). Inhibition 
of PKCα in KtyII-/- cells stabilized DP1,2 at the plasma membrane, increased the amount of 
Dsg2 at the cell surface and stabilized epithelial sheets in the absence of keratins, indicating 
that keratins are involved in PKCα-mediated regulation of desmosome stability. Furthermore, 
EGTA-induced internalization of desmosomes could be blocked in KtyII-/- cells by inhibiting 
PKC, consistent with observations in the human keratinocyte cell line HaCat (Kimura et al., 
2007). PKCα becomes associated with the desmosomal plaque in keratinocytes at the wound 
edge accompanied with a weakening of desmosomal adhesion. Cell fractionation experiments 
and Co-IPs showed that similar to keratinocytes located at the wound edge (Garrod et al., 
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2005), PKCα translocated to the plasma membrane and becomes associated with the 
desmosomal plaque in KtyII-/- cells. Membrane localization of PKCα is linked to activation of 
PKCα (Parker and Murray-Rust, 2004), but whether the activity of PKCα is indeed higher in 
the absence of keratins or if only the localization of the kinase is affected by the absence of 
keratins has to be investigated. PKCα might be involved in priming desmosomes for 
internalization. Most of the desmosomal proteins contain potential PKC target motifs. 4 of these 
are found in the cytoplasmic domain of Dsc2a, 13 motifs are located in the cytoplasmic domain 
of Dsg2 and 13 in PG, as well as 21 in PKP1 and 64 in DP (ProteinPredict program of ExPASy, 
(Thomason et al., 2010)). Mostly, serine-phosphorylation of desmosomal proteins leads to 
increased solubility of desmosomal proteins and induction of desmosome disassembly 
(Aoyama et al., 1999; Aoyama et al., 2009; Parrish et al., 1990; Pasdar et al., 1995a; 
Stappenbeck et al., 1994; Wolf et al., 2013). Phosphorylation of the C-tail of DP, which contains 
the keratin-binding site, is involved in the regulation of DP-keratin interaction and stability of 
DP at the desmosomal plaque (Albrecht et al., 2015; Godsel et al., 2005; Hobbs and Green, 
2012; Stappenbeck et al., 1994). Consistent with the enrichment of PKCα at the plasma 
membrane, serine phosphorylation of DP was increased in the absence of keratins. Treatment 
with a PKCα-inhibitor and knockdown studies confirmed that the DP phosphorylation was 
mediated by PKCα in KtyII-/- cells. Consistent with these data, expression of a phosphodeficient 
DP variant, where the serine residue located in a PKCα-consensus motif is mutated to glycine 
(DPSer2849Gly), promoted strong intercellular adhesion on keratinocyte cell sheets (Hobbs 
and Green, 2012). Overexpression of this phosphodeficient DP (DPSer2849Gly) in keratin-
free keratinocytes could increase the desmosome stability to some extent, compared to 
controls transfected with wildtype DP. These data confirmed that increased phosphorylation of 
DP in the absence of keratins contributes to the instability of desmosomes and increased 
internalization. If PKCα directly phosphorylates DP in KtyII-/- cells, or if other kinases were 
involved in the mechanism, is not clear. Recently, it was shown that preexisting arginine 
methylation aids glycogen synthase kinase 3 (GSK3) kinase interaction with DP and initiates 
a phosphorylation cascade of the DP-C-tail that modulates DP-intermediate filament 
interactions during desmosome assembly. PKCα inhibition did not affect the GSK3 mediated 
phosphorylation of DP in the presence of keratins (Albrecht et al., 2015). As intermediate 
filaments are also functionally regulated by PKC, it is plausible that PKC regulates DP 
dynamics during junction assembly and disassembly indirectly through phosphorylation of 
intermediate filaments at the DP-keratin interface (Izawa and Inagaki, 2006; Pan et al., 2013; 
Snider and Omary, 2014). A possible explanation is that the deletion of all keratins completely 
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disturbs the regulatory machinery, or led to conformational changes of desmoplakin, which 
could explain the increased PKCα-mediated serine phosphorylation of DP in KtyII-/- cells. 
Furthermore, the performed immunoprecipitation of phosphorylated DP using a phospho-
serine antibody did not provide information about the specific sites that are phosphorylated. 
Identification of the phosphorylated sites in DP upon loss of keratins could help to understand 
the mechanism in more detail. Whether in addition to DP other desmosomal proteins were also 
phosphorylated in the absence of keratins, was not investigated. Phosphorylation of 
desmosomal cadherins (Aoyama et al., 1999; Aoyama et al., 2009; Parrish et al., 1990; Pasdar 
et al., 1995a), as well as of the armadillo repeat proteins PKP and PG (Pasdar et al., 1995b; 
Wolf et al., 2013) led to desmosome disassembly and could additionally contribute to the 
instability of desmosomes in KtyII-/- cells.  
The scaffold protein Rack1 is involved in the spatio-temporal regulation of PKC isoforms 
(Adams et al., 2011). Co-staining of Rack1 and K5, PLA assay and Co-IP studies in WT 
keratinocytes showed that keratins associate with Rack1, which suggested that keratins 
sequester PKCα through Rack1, thereby limiting DP phosphorylation necessary for stable 
desmosomes (Figure 44). Whether this is a direct interaction or is mediated by plectin, as 
suggested in simple epithelial cells (Bordeleau et al., 2010; Osmanagic-Myers et al., 2006) is 
not clear. 
The discovery of PKCα mediated phosphorylation of DP, dependent on Rack1-keratin 
interactions, revealed a hitherto unknown function of keratins in maintenance of desmosomes 
and cohesion of epithelial tissues. Furthermore, these data strongly support a major role of 
keratins in formation of hyper-adhesive desmosomes, most probably through regulation of 
PKCα-mediated phosphorylation of desmosomal proteins.  
In the autoimmune blistering skin disease pemphigus vulgaris (PV) pathogenic autoantibodies 
against Dsg1 or Dsg3 (PV-IgG) led to unstable desmosomes by inducing internalization of 
Dsg1 and Dsg3 (Amagai and Stanley, 2012; Saito et al., 2012; Spindler et al., 2007; Spindler 
et al., 2013; Yamamoto et al., 2007). One part of the pathomechanism underlying the blistering 
in PV is the PV-IgG induced activation of PKC and downstream phosphorylation of Dsg3 and 
DP (Aoyama et al., 1999; Dehner et al., 2014). Furthermore, it was shown that PKC-mediated 
DP phosphorylation was involved in keratin filament retraction and contributes to loss of cell 
adhesion (Dehner et al., 2014). In support of the observations in keratin-free keratinocytes, 
this showed that a keratin-dependent regulation of PKCα and downstream phosphorylation of 
desmosomal proteins could be involved in the pathomechanism in PV. 
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Figure 44 Keratins regulate PKCα-mediated phosphorylation of DP via Rack1 
 
5.5 Isotype-specific keratin functions: Desmosome stability and 
collective cell migration 
Altogether these findings raised the question to which extent the isotype composition of keratin 
filaments contributes to desmosome-mediated keratinocyte adhesion during differentiation and 
wound healing. During epidermal injury, re-epithelialization is the most crucial process, as its 
failure underlies chronic, non-healing wounds, a clinically highly relevant problem (Gurtner et 
al., 2008). Re-epithelialization involves altered adhesion, migration and proliferation of 
keratinocytes at the wound edge to enable wound closure and restoration of the epidermal 
barrier (Shaw and Martin, 2009). Wound healing is characterized by a transient decrease in 
desmosomal adhesion accompanied by increased expression of K6/K16/K17 at the expense 
of K1/K10 (Raja et al., 2007). To further dissect isotype-specific keratin functions, stable 
keratinocyte cell lines re-expressing type I keratins K14 or K17 or type II keratins K5 or K6 in 
the corresponding KtyI-/- or KtyII-/- background were generated. As shown for the re-expression 
of K5, also the re-expression of K6 led to the upregulation of the type I keratins K14 and K17. 
Vice versa, transduction of KtyI-/- cells with K14 or K17 cDNA, led to the upregulation of K5 and 
K6. In contrast to K5 cells, around 30% of the WT keratin content could be detected in K14 
and K17 cells. Whether the variability in expression levels is due to the lentivirus used is not 
clear. Comparison of keratin expression in those cell lines showed that the amount of K5 was 
higher in the presence of K14 and the amount of K6 was higher in the presence of K17. 
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Analysis of protein half-life times, following treatment with cycloheximide, revealed increased 
stability of K5 and accelerated degradation of K6 in K14 cells and increased stability of K6 
along with increased degradation of K5 in K17 cells. Furthermore, Q-PCR and WB suggest 
that selectivity of certain keratin pairs occurs at the protein level and is not due to differences 
at the transcript level. Whether this difference in stability is related to differences in affinities or 
is affected by different posttranslational modifications of keratins, remains to be shown. 
Irrespective of the keratin composition, confocal microscopy of K5, K14, K6 and K17 showed 
wildtype-like cytoskeletal organization in all cell lines, confirming that those cell lines are suited 
to compare desmosome stability and dynamics in a keratin-isotype dependent manner.  
Re-expression of K14 in KtyI-/- cells stabilized epithelial sheets and led to normal DP 
localization compared to keratin-free keratinocytes (Homberg et al., 2015), similar to re-
expression of K5 in KtyII-/- cells (Kroger et al., 2013). In contrast to this, re-expression of stress-
induced keratins K6 in KtyII-/- cells or K17 in KtyI-/- cells, however, increased desmosome 
stability and localization to a lesser extent, suggesting that expression of “wound healing” 
keratins weakens intercellular adhesion. These findings were consistent with the observation 
that desmosomes must be modified and more dynamic to allow keratinocyte migration and 
allow epidermal reconstitution during wound healing (Pastar et al., 2014). In contrast to K5 
cells, re-expression of K14 in KtyI-/- cells restored the amount of desmosomal proteins to WT 
levels, which could be due to the higher levels of K14 and K5 expressed in this cell line. Similar 
to keratin-free cells (Homberg et al., 2015; Kroger et al., 2013) the level of desmosomal 
proteins in K17 cells were strongly reduced compared to K14 cells, suggesting that K6/K17 
expression induces desmosome internalization and subsequent degradation of desmosomal 
proteins. In support, EGTA-induced internalization of desmosomes was accelerated in K17 
cells compared to K14 cells. Blocking internalization with the dynamin-inhibitor Dynasore 
(Macia et al., 2006) restored desmosome functionality during the dispase assay in K17 cells, 
whereas inhibition of lysosomal and proteasomal protein degradation increased the amount of 
Dsg but failed to stabilize desmosomes to the same extent. This implies that increasing the 
amount of desmosomal proteins, without stabilization at the plaque, was insufficient to form 
stable desmosomes in K17 cells. Thus, keratin isotypes primarily are involved in the regulation 
of the localization and possibly posttranslational modifications of desmosomal proteins 
(Albrecht et al., 2015), whereas degradation of desmosomal proteins could occur 
independently of keratins.   
As discussed before, PKCα is a major regulator of desmosome remodeling in response to 
wound healing and known to regulate the switch from hyper-adhesive desmosomes to Ca2+-
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dependent desmosomes to facilitate mobilization of wound edge keratinocytes (Thomason et 
al., 2012; Wallis et al., 2000). Similar to keratinocytes at the wound edge (Wallis et al., 2000) 
and keratin-free cells (Kroger et al., 2013), PKCα was enriched in the membrane fraction of 
K17 cells, whereas PKCα is more cytoplasmic in K14 cells, similar to WT keratinocytes. 
Activation of PKC with PMA in K14 cells led to accelerated EGTA-induced desmosome 
internalization, increased degradation of desmosomal proteins and instable epithelial sheets. 
In contrast, inhibition of PKCα with the inhibitor Gö6976 stabilized desmosomes in K17 cells. 
These experiments, in support with the observations in PKCα knockout and overexpressing 
mouse models (Thomason et al., 2012), underline that the activity and localization of PKCα 
are crucial for the stability of desmosomes. In line with the different intracellular and keratin 
isotype-dependent distribution of PKCα, this suggests that K5/K14 filaments sequester PKCα 
in the cytoplasm, thereby limiting desmosome disassembly, whereas K6/K17 filaments do not 
prevent accumulation of PKCα to the plasma membrane and destabilization of desmosomes. 
This indicates that spatiotemporal PKCα activation after wounding could be mediated by 
upregulation of K6/K17 in keratinocytes. The interaction studies with K5 and Rack1 in WT 
keratinocytes suggested that keratins sequester PKCα through the scaffold protein Rack1, 
thereby limiting phosphorylation of desmosomal proteins necessary for desmosome stability. 
Preliminary Co-IPs indicated that Rack1 interacted with K5 but not with K17, but if there is an 
interaction between Rack1 with K6 is not clear. Depletion of Rack1 in K14 cells led to 
downregulation of desmosomal proteins and accumulation of DP in the cytoplasm, similar to 
the phenotype observed in K17 cells, which supports the hypothesis that Rack1 interaction 
with K5/K14 sequestered PKCα in the cytoplasm to stabilize desmosomes. Whether depletion 
of Rack1 in fact led to PKCα activation and translocation to the membrane is not clear. In 
addition to PKC, Rack1 is known to interact with Src kinase and promotes epithelial cell-cell 
adhesion by inhibiting Src kinase-mediated phosphorylation of Ecad and the ubiquitination of 
Ecad by the E3 ligase Hakai (Swaminathan and Cartwright, 2012). So it is conceivable that 
Rack1 depletion in K14 cells indirectly led to downregulation of desmosomes through Src-
mediated endocytosis of adherens junctions. However, the well-known regulation of keratin 
network organization by posttranslational modifications (Loschke et al., 2015; Snider and 
Omary, 2014) raises the question whether keratin isotypes K6/K17 modify desmosome 
dynamics through regulation of posttranslational modifications of desmosomal proteins or by 
hyperphosphorylation of keratins that might weaken direct interactions with desmosomal 
proteins. 
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To determine whether enhanced internalization and degradation of desmosomal proteins with 
subsequent altered cell adhesion depended on the relative protein levels of type II keratins K5 
and K6 or the presence of type I keratins K14 and K17, knockdown of single keratin isotypes 
were performed in K14 and K17 cells. Surprisingly, depletion of K5 did not affect the expression 
of K6, whereas knockdown of K6 led to a strong upregulation of K5 protein. In contrast to the 
protein leve,l K5 mRNA was slightly reduced upon K6 knockdown, which indicated that in the 
absence of K6 protein, K5 protein is stabilized. In further support, transient transfection of a 
K14 cDNA in K17 cells led to a strong increase in K5 protein levels, whereas K6 protein was 
less affected. The mRNA levels of K5, K6 and K17 are not altered after transient transfection 
of K14, suggesting that up- or downregulation of distinct keratin isotypes regulated the 
abundance of other keratin isotypes at the protein level and not at the transcriptional level. 
How exactly the up- and downregulation of distinct keratins impacts other keratin isotypes is 
not clear. Taken together, comparison of the different “rescue” cell lines showed that high K5 
levels were crucial to form stable desmosomes, whereas the presence of K14 alone was not 
enough to maintain strong cell-cell adhesion (Figure 45). 
 
 
Figure 45 Desmosome stability coincides with the presence of high protein levels of K5 
 
Collectively, the data demonstrate that K5/K14 filaments supported stable and highly adhesive 
desmosomes whereas K6/K17 filaments rendered desmosomes more dynamic. Of these 
keratins, K5 seems to be the major contributor to stable desmosomes.  
During wound healing, disassembly of cell-cell contacts and cell-matrix contacts allows 
keratinocytes to start migrating from the wound edge over the denuded area, whereas 
keratinocytes behind the migrating front start to proliferate (Pastar et al., 2014; Werner and 
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Grose, 2003). Induction of K6, K16 and K17 expression during re-epithelialization correlated 
with alterations in cell morphology and migratory properties of keratinocytes (Paladini et al., 
1996; Patel et al., 2006). Scratch wound assays of confluent keratinocyte monolayers revealed 
a faster collective cell migration in K17 cells compared to K14 cells, which correlated with more 
dynamic desmosomes in those cells. In further support, inhibition of PKCα, which stabilized 
desmosomes in K17 cells, significantly slowed down migration of K17 cells. In addition to 
rendering desmosomes more dynamic to allow migration (Thomason et al., 2012; Wallis et al., 
2000), PKCα might increase keratinocyte migration through phosphorylation of β4-integrin 
which increases the disassembly of hemidesmosomes (Santoro et al., 2003). Deletion of all 
keratins led to increased cell motility mediated by increased turnover of β4-integrin 
downstream of increased EGFR and PKCα signaling (Seltmann et al., 2015; Seltmann et al., 
2013b). It is conceivable that fast wound closure in K17 cells was due to a combination of 
dynamic desmosomes and increased turnover of hemidesmosomes downstream of PKCα 
signaling. Others have reported that K6-dependent Src activity modulated keratinocyte 
migration during tissue repair (Rotty and Coulombe, 2012). Whether the different levels of K6 
in K14 and K17 cells led to different Src activity, which could have an impact on cell migration, 
has to be investigated. In contrast to K6-knockout keratinocytes, which show faster migration 
compared to WT controls (Rotty and Coulombe, 2012), K17 cells with high K6 protein levels 
were faster than K14 cells with low expression levels of K6, pointed towards a different 
mechanism, independent from Src in this setting. However, a possible difference in 
proliferation between K14 and K17 cells could explain the faster wound closure in addition to 
faster migration. Furthermore, it would be interesting to analyse the expression of K5 and K6 
in K14, K17 and corresponding WT cells before and after wounding and to look at desmosome 
dynamics at the wound edge in this experimental setting to determine how the keratin-
desmosome scaffold contribute to re-epithelization. 
In general, the observation that expression of K6/K17 decreased intercellular adhesion, 
rendered desmosomes more dynamic and led to faster wound closure, strengthened the 
concept that unique primary sequences of keratin isotypes serve as spatiotemporal signaling 
scaffolds (Loschke et al., 2015). To which extent stability and function of the keratin-
desmosome complex depends on direct protein-protein interactions or on posttranslational 
modifications of both protein family members is not clear.  
Although the comparison of K14 and K17 cells allows to analyze isotype-specific functions of 
keratins in regulation of junction stability and migration, it has to be considered that the situation 
during wound healing in vivo is more complex and numerous keratinocyte subtypes, 
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expressing different patterns of keratins, are involved in wound re-epithelialization (Patel et al., 
2006). Upon wounding, the majority of suprabasal cells at the wound edge express K1, K10, 
K6, K16 and K17, suprabasal cells migrating onto the wound bed express mainly K6, K16 and 
K17. In addition, a subpopulation at the wound bed expresses K5, K14, K6, and K17 (Patel et 
al., 2006). Yet, the roles for the different keratinocyte subpopulations in wound re-
epithelialization and the subcellular localization of different keratin filaments in cells expressing 
more than one keratin-pair needs to be investigated. 
 
5.6 Adherens junctions and actin organization as regulators of 
desmosome stability 
The formation of actin-associated adherens junctions and intermediate filament-associated 
desmosomes are tightly coupled events. E-cad/P-cad double knockout cells failed to form 
adherens junctions and desmosomes (Michels et al., 2009), which suggests that adherens 
junctions are a prerequisite for desmosome formation (Kitajima, 2013). On the other hand, 
keratinocytes that lack DP contain only immature adherens junctions (Sumigray et al., 2014; 
Vasioukhin et al., 2001). Whereas the mechanisms by which DP contribute to AJ are unknown, 
the desmosomal protein PKP3 is required for maturation of adherens junctions through 
recruitment of Rap1 to E-cadherin and assists in the reorganization of the actin cytoskeleton 
(Kooistra et al., 2007; Todorovic et al., 2014). These findings suggest that a cross-talk between 
adherens junctions and desmosomes is crucial for cell-cell adhesion in keratinocytes (Kitajima, 
2013). Although adherens junction components were present at cell-cell contacts in keratin-
free keratinocytes, the arrangement of those contacts was distinct from junctions in WT cells. 
Adherens junction proteins localized in punctae, reminiscent of their localization during 
assembly, rather than formed relatively straight lines as in WT cells. Contrary to desmosomal 
proteins, components of adherens junctions were not degraded in KtyII-/- cells. Additionally, 
localization of Ecad appeared unaltered in keratin-free epidermis (Bar et al., 2014). Thus, 
absence of keratins does not result in a drastic impairment of adherens junctions, but may 
affect their maturation or morphology. Cell-cell contact formation and stability is tightly coupled 
to reorganization of the actin cytoskeleton. Homophilic ligation of cadherins triggers actin 
rearrangement by controlling the recruitment and activity of several actin regulators (Cavey 
and Lecuit, 2009). Formation of a junctional actin cortex drives contact expansion and is crucial 
for the stabilization of the adhesive interface (Cavey and Lecuit, 2009). This junctional actin 
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organization was disturbed in KtyII-/- cells. Perijunctional cortical actin fibers were significantly 
reduced in the absence of keratins, whereas cytoplasmic stress fibers were significantly 
increased. Furthermore, the amount of filamentous actin relative to soluble actin was increased 
in KtyII-/- cells. In contrast, microtubule organization appeared very similar in WT and keratin-
free cells and actin organization was unaffected in KtyII-/- cells cultured in low calcium medium 
(Seltmann et al., 2013a), where no cell-cell contacts could form. This data suggest that loss of 
keratins does not affect cytoskeletal organization in general, but very specifically has an effect 
on actin organization during junction formation and maturation. Two forces have to be 
coordinated during contact formation and maintenance: (1) one that results from actin 
polymerization producing membrane protrusions to generate new sites of contact and (2) one 
that results from actomyosin tension generating a pulling force to facilitate contact expansion 
(Cavey and Lecuit, 2009). Actomyosin-contractility is induced by phosphorylation of myosin 
regulatory light chain (MLC) of myosin II downstream of Rho GTPases (Totsukawa et al., 
2004). Despite similar levels of active MLC (pMLC) in keratin-free keratinocytes, pMLC was 
concentrated in an irregular pattern along cell-cell borders in addition to an increase in pMLC 
overlapping with cytoplasmic actin stress fibers, in contrast to a homogenous pMLC distribution 
close to cell-cell contacts in control cells. Thus, it is conceivable that adherens junctions were 
under great tension in the absence of keratins. Although myosin II activity is necessary to 
strengthen adherens junctions during assembly (Baum and Georgiou, 2011; Sumigray et al., 
2012), one can consider that mis-localized force generated by myosin II can promote cell-cell 
separation in the absence of keratins and intact desmosomes. It was recently shown that loss 
of DP or disruption of desmosomes results in increased cortical localization of myosin II and 
increased tension at adherens junctions, presumably due to signaling pathways activated in 
the absence of functional desmosomes (Sumigray et al., 2014). Inhibition of myosin II by 
blebbistatin in KtyII-/- cells led to maturation of adherens junctions, a decrease in intracellular 
actin stress fibers as well as increased amounts of DP at the plasma membrane. This 
confirmed that mis-localized myosin II activity is involved in impaired adherens junction 
maturation and desmosome organization. The observation was consistent with studies that 
identified non-muscle myosin II activity as critical determinant for disassembly of epithelial 
junctions caused by various stimuli, such as depletion of extracellular calcium and pro-
inflammatory cytokines (Ivanov, 2008; Ivanov et al., 2007; Ma et al., 2005; Schwarz et al., 
2007; Utech et al., 2005). Furthermore, the stabilization of desmosomes upon blebbistatin 
treatment suggests that actomyosin contractility also affects desmosome maintenance. This 
stimulated the question whether impaired actin reorganization and adherens junction 
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maturation in KtyII-/- cells plays a primary role in impaired epithelial sheet integrity, or is a 
secondary phenomenon that results from loss of desmosomal functions and cell dissociation. 
The impaired adherens junction and actin organization in the absence of keratins was similar 
to the phenotype described in DP knockout keratinocytes (Sumigray et al., 2014; Vasioukhin 
et al., 2001), which are also unable to undergo actin reorganization and membrane sealing 
during epithelial sheet formation. This indicates that impaired adherens junction maturation in 
the absence of keratins could be due to downregulation of DP and unstable desmosomes. In 
addition, a crosstalk between desmosome, adherens junctions and actin reorganization is 
supported by studies in keratinocytes treated with pathogenic autoantibodies against 
desmosomal cadherins (PV-IgG). In those cells, desmosome internalization is accompanied 
by profound changes of the actin cytoskeleton such as displacement of the peripheral junction-
associated actin belt and increased stress fiber formation (Berkowitz et al., 2005; Spindler et 
al., 2007; Waschke et al., 2006). It was shown before that PV-IgG treatment led to impaired 
adherens junctions (Cirillo et al., 2010; Sumigray et al., 2014). Pharmacological stabilization 
of actin filaments significantly blocks cell dissociation, whereas depolymerization of actin 
strongly enhances the effects of PV-IgGs, which indicates that profound reorganization of the 
actin cytoskeleton has direct impact on desmosome internalization (Gliem et al., 2010). This 
showed that next to the impact of desmosome disruption on actin and adherens junction 
organization, also actin dynamics could interfere with desmosome stability through regulation 
of adherens junctions or due to a direct impact on desmosome internalization. The impaired 
reorganization of the actin cytoskeleton after induction of cell-cell contact formation and the 
“immature” appearance of adherens junctions in keratin-free keratinocytes, clearly suggests 
that loss of keratins affects the regulation of adherens junction maturation. Spatiotemporal 
regulation of membrane dynamics, actin polymerization and actomyosin contractility is crucial 
for junction dynamics and stability (Cavey and Lecuit, 2009). During the initial stage of cell-cell 
adhesion, formation of lamellipodia is mediated by Rac1-controlled actin dynamics (Yamada 
and Nelson, 2007). Rac1 activation may be mediated in part by local activation of PI3K and 
accumulation of phosphoinosites (PIP3) that recruit guanine exchange factors (GEFs) (Rivard, 
2009). Active Rac1 initially localizes to de novo contacts, but is rapidly diminished as E-cad 
accumulates. This indicates that Rac1 is transiently activated as an immediate response to 
cadherin ligation (Yamada and Nelson, 2007), but has to be downregulated for maturation and 
stability of contacts. Rac-GTP-Pulldown assays showed that Rac1 activity was increased in a 
PI3K-dependent manner in keratin-free keratinocytes, 24 h after increasing the Ca2+ 
concentration. This indicates that PI3K-mediated Rac1 activation upon initial cadherin ligation 
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is not downregulated in the absence of keratins, which would contribute to immature junctions 
and impaired actin reorganization (Figure 46). In support, overexpression of constitutive active 
Rac1 is sufficient to disrupt cadherin-based adhesion in human keratinocytes (Braga et al., 
2000; Lozano et al., 2008). To verify this hypothesis, additional experiments showing the time-
dependent activation of Rac1 after induction of cell junction formation in WT and KtyII-/- cells 
as well as visualization of Rac1-activation at cell-cell contacts would be necessary. Treatment 
with the Rac-inhibitor NSC-23766, a small molecule that inhibits the activation of Rac1 by 
hindering its binding to the Rac-specific GEFs Tiam1 and Trio without altering the access of 
the related RhoA or Cdc42 to their specific GEFs (Gao et al., 2004) reduced Rac-GTP levels 
in KtyII-/- cells. Tiam 1 localizes in a cadherin-dependent fashion to adherens junctions 
(Niessen et al., 2011). Q-PCR and Western blot showed that mRNA and protein levels of 
Tiam1 were unaltered in KtyII-/- cells, suggesting that instead of increased protein levels, 
enrichment of Tiam1 at cell-cell contacts might mediate increased Rac1 activation in KtyII-/- 
cells. Depletion of Tiam1 in confluent epithelial sheets of KtyII-/- cells restored actin, adherens 
junction and desmosome organization and increased sheet stability to a significant extent. 
Thus, these data suggest a mechanism where loss of keratins led to increased Rac1-activity 
downstream of a PI3K-Tiam1-dependent signaling pathway and subsequent destabilization of 
cell junctions (Figure 46). In contrast, Tiam1-deficient keratinocytes established primordial E-
cadherin based adhesion, but subsequent junction maturation and membrane sealing are 
severely impaired (Mertens et al., 2005), indicating that Tiam1 is not important for initial cell-
contact formation but for the maturation step. The different outcomes of Tiam1 absence in 
these two experimental settings could be due to the fact that Tiam1 was depleted by siRNA in 
KtyII-/- cells 24 h after junction formation induction, whereas in Tiam1-KO cells it is absent 
during the entire assembly phase. Furthermore, it was reported that Rac1 could be activated 
at adherens junctions independent of Tiam1 (Kraemer et al., 2007). Thus, it is very likely that 
several different GEFs may contribute to cadherin-dependent activation of Rac. The different 
GEFs may act at different stages in the biogenesis, maturation and turnover of cell-cell 
interactions (Niessen et al., 2011).  
In support, inhibition of PI3K rescued adherens junction and desmosome morphology and 
functionality in keratin-free cells and led to proper perijunctional organization of the actin 
cytoskeleton (Figure 46). Whether PI3K-activity is indeed elevated at cell-cell contacts in the 
absence of keratins has to be examined. It was previously shown that transient activation of 
PI3K and Rac1 might temporally increase local membrane dynamics at new contacts and 
hence the probability of additional, new E-cadherin engagements. Downregulation of both 
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PI3K and Rac1 locally decrease actin and membrane dynamics, allowing consolidation of E-
cadherin clustering, thereby strengthening adhesion (Perez et al., 2008). It is not yet clear what 
drives the downregulation of PI3K and Rho GTPases during contact maturation. However, the 
tumor suppressor PTEN (phosphatase and tensin homolog on chromosome 10) was identified 
as regulator of elongation and stability of newly formed junctions in epithelial tissue of 
Drosophila (Bardet et al., 2013). Additionally, PTEN loss of function occurs in a wide spectrum 
of human cancers and correlates with disruption of adhesion and increased invasiveness 
(Chalhoub and Baker, 2009; Kotelevets et al., 2001; Kotelevets et al., 2005; Langlois et al., 
2010). PTEN is a lipid phosphatase and its major function is to antagonize the activity of PI3K 
by dephosphorylation of PIP3 to produce phosphatidylinositol (4,5)-biphosphate (PIP2). This 
influences the membrane localization and activation of several key proteins involved in 
reorganization of the cytoskeleton (Chalhoub and Baker, 2009). PTEN was significantly 
reduced in the absence of keratins, which implies that decreased PTEN-levels might cause 
sustained activity of PI3K and might led to high PIP3-levels at cell junctions, which would block 
junction maturation. Yet, it has to be considered that PTEN protein levels are controlled by 
adherens junctions and at the same time, adherens junctions stabilize PTEN, suggesting a 
complex cross-talk mechanism (Fournier et al., 2009; Kotelevets et al., 2005; Li et al., 2007; 
Subauste et al., 2005) (Figure 46).  
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Figure 46 Keratin-dependent maturation of cell-cell contacts 
Working model: During initial cell-cell contact formation, activation of PI3K, enrichment of PIP3 and downstream 
activation of Rac1 induces membrane dynamics and lamellipodia formation to allow formation of new contact sites. 
Establishment of stable cell-cell contacts requires formation of a perijunctional actin cortex. Stability of adherens 
junctions (AJ) and reorganization of the actin cytoskeleton goes along with PTEN activity and the accumulation of 
PIP2 to downregulate PI3K at the contact site. In addition to unstable desmosomes (DSM), adherens junction 
formation and reorganization of the actin cytoskeleton is impaired in the absence of keratins. This goes along with 
sustained PI3K activity due to decreased PTEN-levels and higher Rac1-activity mediated by the GEF Tiam1.  
 
Regulation of PTEN can occur at the transcriptional or posttranscriptional level, for example 
by hypermethylation of the PTEN promoter as described in some breast and epithelial cancers 
(Molinari and Frattini, 2013; Pan et al., 2014) or silencing by microRNAs including miRNA-21, 
miRNA-22 and miRNA-26a (Bar and Dikstein, 2010; Huse et al., 2009; Meng et al., 2007). 
KtyII-/- cells exhibit reduced PTEN protein levels despite their normal mRNA levels. Thus, 
regulation of PTEN protein by keratins occurs at the posttranscriptional level. In accordance, 
only 25% of cancer patients portray a correlation between the loss of PTEN protein and its 
mRNA level (Chen et al., 2011), which emphasizes the importance of PTEN regulation at the 
 Discussion 
 
 
 103 
posttranscriptional levels. PTEN protein stability and phosphatase activity can be regulated 
through multiple posttranslational modifications, like acetylation, ubiquitinilation, 
phosphorylation and oxidation or protein-protein interactions (Hopkins et al., 2014; Shi et al., 
2012). Investigation of posttranslational modifications of PTEN and subcellular localization 
would reveal how keratins might regulate PTEN protein stability and function. Alternatively, it 
was reported that PTEN interaction with members of the family of membrane-associated 
guanylate-kinase-inverted (MAGI) proteins, like MAGI-2 prevents PTEN degradation 
(Georgescu et al., 1999; Torres and Pulido, 2001). Furthermore, Subauste and co-workers 
demonstrated that vinculin at adherens junctions is necessary to stabilize the MAGI-2 – β-
catenin interaction and thereby promoting stability of PTEN (Subauste et al., 2005). In keratin-
free keratinocytes vinculin localized to adherens junctions only to limited extent and maintained 
localization at focal adhesions at higher levels. However, one might speculate that decreased 
vinculin recruitment to adherens junctions destabilizes the reported MAGI-2-β-catenin 
interaction and leads to PTEN degradation in KtyII-/- cells. Despite this, the association of 
vinculin is also known to regulate the surface-level of E-cad, as well as being involved in the 
mechanosensory response of adherens junctions (Huveneers and de Rooij, 2013; Niessen et 
al., 2011; Peng et al., 2011). In view of the differences regarding vinculin localization, 
actomyosin contractility and organization of the junctional actin cortex between KtyII-/- cells and 
WT controls, it is conceivable that the strength and direction of mechanical forces as well as 
mechanotransduction in epithelial sheets without keratins is different and could have an impact 
on junction morphology. 
Collectively, these data demonstrate that next to desmosomes, also adherens junctions and 
the associated actin cytoskeleton were affected by the loss of keratins. Mis-localized 
actomyosin-contractility as well as increased Rac1 activity seemed to mediate differences in 
actin organization and prevent junction maturation. Furthermore, one can speculate that 
sustained activity of PI3K, due to the downregulation of PTEN in keratin-free cells, led to the 
observed junction instability. Whether keratins primarily regulate desmosome turnover which 
subsequently regulates adherens junctions, or affect the actin and adherens junction 
organization independent of desmosomes for example through impact on vinculin localization 
is not clear yet (Figure 47).  
 
 Discussion 
 
 
 104 
 
Figure 47 Crosstalk between adherens junctions, desmosomes, keratin and actin  
Working model: Whether keratins could regulate desmosomes, the actin cytoskeleton and adherens junctions 
independently of each other, or whether there is an extensive crosstalk between the different cell-cell contacts and 
the different cytoskeletons is not clear. Deletion of keratins, or altered keratin expression led to unstable 
desmosomes mediated partially by PKCα and the phosphorylation of DP. In addition, over-activated PI3K, reduced 
PTEN-levels and increased Rac1 activity led to impaired actin organization and directly or in-directly to impaired 
adherens junction organization in keratin-free cells. Furthermore, downregulation of desmosomal proteins (PKP, 
DP ect.) upon deletion of keratins could contribute to impaired actin organization and impaired adherens junctions. 
Finally, impaired adherens junctions and actin organization could lead to unstable desmosomes.  
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5.7 Perspectives 
Owing to keratin redundancy, it has been difficult to investigate functions of individual members 
of this large multiprotein family. Generation of keratin-deficient keratinocytes from 
corresponding mouse mutants, followed by re-introduction of individual keratins, for the first 
time enables the functional analysis of keratin isotypes in cell adhesion, mechanics and 
signalling. 
Taken together, this thesis suggests that maintenance of desmosomes is partially regulated 
by a keratin-isotype dependent regulation of PKCα and phosphorylation of DP. In addition the 
data indicate that there is an extensive crosstalk between keratins, actin, adherens junctions 
and desmosomes. The major challenge for future work is to dissect how keratin isotypes 
perform their function. To which extent keratin isotypes regulate the activity of other proteins 
through the strength of protein interactions based on their primary sequences or by isotype-
specific posttranslational modifications is not yet known. Among others, this raises the question 
whether all keratins perform similar functions or whether a subset performs unique functions, 
e.g. in inflammatory signaling (Roth et al., 2012b). 
Focusing on the role of keratins in desmosomal adhesion and mechanosignaling, the major 
questions to be addressed in future work are: 
 How is PKCα regulated in a keratin-isotype dependent manner? 
 Are keratins and desmosomes regulated by similar posttranslational modifications 
when cells are exposed to mechanical stress? 
 What are these modifications and what are their downstream consequences for cell 
behavior? 
 What is the role of distinct keratin isotypes? 
 How do keratins contribute to desmosome assembly and disassembly? How does this 
function involve the actin cytoskeleton? 
 
To address these questions, cell lines expressing keratin isotypes and keratins in which 
individual protein domains are exchanged will be analysed under defined conditions of 
mechanical and other forms of stress. Using such cell lines, co-immunoprecipitation assays 
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will investigate the interaction of PKCα and its scaffold protein RACK1 with keratins and keratin 
domain mutants.  
Furthermore, mass spectrometry (MS), following enrichment of phosphopeptides, will be 
performed in keratin-free, K14 and K17 expressing cells. These experiments will reveal which 
changes in the phosphorylation of desmosomal proteins are keratin-dependent and provide 
vital information for site-directed mutagenesis of posttranslational modification sites to examine 
their functional significance. Given the very limited information on epidermal keratin 
phosphorylation and its significance for desmosome regulation, keratin phosphorylation will be 
examined first in vitro by peptide arrays. The peptide arrays allow determining which peptides 
are phosphorylated by which kinase(s) in K5/K14 filaments and K6/K17 filaments and thus 
reveal whether the sites are conserved within the protein family. Further, 2D gels, which 
provide a simple way to identify keratin phosphorylation and separation of phosphorylated and 
unphosphorylated proteins in PhosTag-Gels could be performed. To relate phosphorylation to 
functional changes, candidate P-sites in keratins will be mutated and transiently transfected 
into keratin-deficient keratinocytes, followed by immunofluorescence analysis of keratins and 
desmosomal proteins and epithelial sheet assays.  
Next to desmosomes, the impaired actin organization and immature adherens junctions in 
keratin-free keratinocytes, support a major role of keratins in regulation of the actin 
cytoskeleton mediated by PI3K signaling. To get some insights into keratin isotype-dependent 
actin organization, live cell recordings of actin dynamics and the localization and activation of 
Rho GTPases will be performed. To examine the cross-talk between adherens junctions and 
desmosomes, stabilization of desmosomes by treatment with the PKCα-inhibitor Gö6976 or by 
overexpression of the phosphodeficient DP mutant and subsequent analyze of adherens 
junctions and actin organization could provide a first hint. 
To address the role of keratin isotypes in mechanotransduction, cells expressing distinct 
keratins can be exposed to mechanical stress. To investigate downstream consequences, 
transcriptome and mass spectrometry can be performed, together with functional assays 
(migration, invasion, organotypic culture). Together, these experiments should provide an 
understanding for the need of the enormous diversity of the keratin multiprotein family. 
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6 Summary 
Maintenance of epithelial cell adhesion is crucial for epidermal morphogenesis and 
homeostasis and relies predominantly on the interaction of keratins with desmosomes. 
Although the importance of desmosomes to epidermal coherence and keratin organization is 
well established, the significance of keratins in desmosome organization has not been fully 
resolved. In this study I unravel a unknown mechanism, how keratins regulate the stability of 
desmosomes and tested the hypothesis that expression of specific keratin isotypes are crucial 
for the dynamics and stability of desmosomes.  
Here, mouse keratinocyte cell lines lacking all keratins, or re-expressing distinct keratin 
isotypes in the corresponding knockout cell lines, were presented. This cell culture model 
provided novel and unexpected insights into keratin isotype dependent functions for 
desmosome composition and stability.  
To investigate the consequences of a global keratin deletion on the formation, stability and 
disassembly of cell-cell contacts, these aspects were analyzed in keratinocytes lacking all 
keratins. Ultrastructural and immunofluorescence analysis showed that desmosomes 
assembled in the absence of keratins but are endocytosed at accelerated rates, rendering 
epithelial sheets highly susceptible to mechanical stress. Furthermore, keratinocytes lacking 
all keratins showed elevated, PKCα-mediated desmoplakin phosphorylation, which led 
subsequently to destabilization of desmosomes. Protein-protein interaction studies indicated 
that PKCα-activity is regulated by a Rack1–keratin interaction. Re-expression of the keratin 
pair K5/K14 reconstituted both desmosome localization at the plasma membrane and epithelial 
adhesion. These data support a sequestration model, where keratins sequester Rack1, which 
can bind PKCα and thereby limit DP phosphorylation, promoting desmosome 
stability/maintenance and intercellular adhesive strength. 
The differentiation-specific isotype composition of the keratin cytoskeleton and of desmosomes 
is regarded as major determinant of adhesive strength. In support, wound healing is 
characterized by a transient decrease in desmosomal adhesion accompanied by increased 
expression of keratins K6/K16/K17 at the expense of K1/K10. The significance of altered 
keratin expression for desmosomal composition and adhesion remains incompletely 
understood at a mechanistic and functional level. Here, the respective contribution of K5/K14 
or K6/K17 to desmosome adhesion, upon their stable re-expression in keratinocytes lacking 
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all keratins, was investigated. This revealed that K5/K14 filaments support stable 
desmosomes, whereas “wound healing” keratins K6/K17 induce PKCα-mediated desmosome 
disassembly and subsequent destabilization of epithelial sheets. Moreover, the presented data 
showed that K5/K14 sequestered PKCα in the cytoplasm, whereas K6/K17 enables PKCα-
translocation to the plasma membrane and induction of desmosome disassembly. Gain- and 
loss-of-function experiments supported a major role of K5 in the control of desmosome stability 
via PKCα. This suggests that keratin isotypes differentialy and specifically regulated wound 
healing and invasion by modulating intercellular adhesion.  
Analysis of adherens junctions and actin organization in keratin-free keratinocytes, further 
demonstrated a role of keratins in reorganization of the actin cytoskeleton and maturation of 
adherens junctions. Impaired adherens junction maturation and actin reorganization could be 
correlated with mis-localized actomyosin contractility and increased Rac1 activity in the 
absence of keratins. In addition, the presented data indicate that due to reduced levels of 
PTEN, sustained PI3K-activity led to defects in adherens junction and actin organization in 
KtyII-/- cells. Whether keratins primarily regulated desmosome turnover, which subsequently 
regulated adherens junctions, or also influence the organization of the actin cytoskeleton and 
adherens junctions independently of desmosomes, for example through impact on vinculin 
localization, remains to be shown. 
In conclusion, this study strengthens the importance of keratins in maintaining mechanical 
stability and resistance of epithelia. The presented findings identify a hitherto unknown 
mechanism by which keratins control intercellular adhesion, with potential implications for 
tumor invasion and keratinopathies, settings in which diminished cell adhesion facilitates tissue 
fragility and neoplastic growth. 
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7 Zusammenfassung 
Die Stabilität und der Erhalt von Zell-Zell-Kontakten sind essentiell für Morphogenese und 
Homöostase der Epidermis und beruht vor allem auf der Interaktion des Keratinzytoskeletts 
mit Desmosomen. Obwohl die Rolle von Desmosomen für den Gewebszusammenhalt und die 
Keratinorganisation gut untersucht ist, ist die Bedeutung von Keratinen für die Organisation 
von Desmosomen unbekannt. In dieser Studie habe ich die Hypothese getestet, dass die 
Expression verschiedener Keratinisotypen entscheidend für die Dynamik und Stabilität von 
Zell-Zell-Kontakten ist.  
Um die mögliche Beteiligung von Keratinen an der Dynamik und Stabilität von Desmosomen 
zu analysieren, wurden in der vorliegenden Arbeit murine Keratinozyten Zelllinien analysiert, 
die eine Deletion aller Keratine aufweisen oder nur bestimmte Keratin-Isotypen exprimieren. 
Zunächst wurde die Bildung, Stabilität und der Abbau von Zell-Zell Verbindungen in komplett 
Keratin-freien Keratinozyten untersucht. Ultrastruktur- und Immunfluoreszenz-basierte 
Analysen von Zell-Zell-Kontakten zeigten, dass Desmosomen sich in der Abwesenheit von 
Keratin bilden, aber im Vergleich zu WT Zellen deutlich schneller abgebaut werden. 
Mechanische Scherkraft-Experimente haben gezeigt, dass die erhöhte Internalisierung von 
Desmosomen zu verminderter Zell-Zell-Adhäsion führt. Des Weiteren wurde die Instabilität von 
Desmosomen in Keratin-freien Zellen auf eine durch PKCα vermittelte Phoshorylierung von 
Desmoplakin zurückgeführt. Protein-Protein Interaktionsstudien deuten darauf hin, dass 
Keratine die Aktivierung von PKCα über eine Interaktion mit dem PKCα-Scaffold-Protein 
Rack1 regulieren. Re-Expression des Keratinpaares K5/K14 führte zur Ausbildung stabilerer 
Desmosomen. Diese Daten unterstützen ein Modell, bei dem Keratine über die Interaktion mit 
Rack1 PKCα im Zytosol zurückhalten und damit die Phosphorylierung von DP verhindern. Dies 
fördert die Stabilität und die interzelluläre Adhäsivität der Zell-Zell Kontakte. 
Die Differenzierungs-spezifische Zusammensetzung des Keratinzytoskeletts und der 
Desmosomen beeinflusst die Stabilität der Zell-Zell-Verbindungen. Beispielsweise geht der 
transiente Abbau von Desmosomen während der Wundheilung mit einer gesteigerten 
Expression der Keratine K6/K16/K17 anstelle von K1/K10 einher. Allerdings ist unklar, ob 
Veränderungen in der Keratinexpression direkt die Zusammensetzung und Adhäsivität von 
Desmosomen beeinflussen. Um den Einfluss von K5/K14 im Vergleich zu K6/K17 auf 
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Desmosomen zu untersuchen, wurden diese Keratine stabil in Keratin-freie Keratinozyten 
transduziert. Die vergleichende Analyse dieser Zelllinien zeigte, dass die Expression von 
K5/K14 Filamenten die Bildung stabiler Desmosomen fördert. Im Gegensatz dazu führt die 
Expression der Keratine K6/K17, die unter anderem mit Wundheilung assoziiert sind, zu einer 
erhöhten PKCα vermittelten Internalisierung und damit instabilen Desmosomen. Des Weiteren 
konnte gezeigt werden, dass K5/K14 PKCα vermutlich durch Interaktion mit Rack1 im 
Zytoplasma hält, während in der Anwesenheit von K6/K17 PKCα vermehrt an der 
Plasmamembran lokalisiert und damit zum Abbau von Desmosomen beiträgt. Transiente 
Transfektionen und Depletion individueller Keratine belegten, dass vor allem das Typ II Keratin 
K5 eine essentielle Bedeutung für die Stabilität von Desmosomen besitzt.  
Die Analyse der Adhärenzkontakte und der Organisation des Aktinzytoskeletts hat gezeigt, 
dass die Abwesenheit von Keratinen nicht nur die direkt mit Keratinfilamenten assoziierten 
Desmosomen, sondern auch das Aktinzytoskelett und die mit Aktin assoziierten 
Adhärenzkontakte beeinträchtigt. Das Fehlen von reifen Adhärenzkontakten und die 
veränderte Aktinorganisation korreliert in Keratin-freien Zellen mit einer veränderten 
Kontraktilität des Aktinzytoskeletts und erhöhter Aktivität der Rho GTPase Rac1. Zusätzlich 
konnte gezeigt werden, dass es in Keratin-freien Keratinozyten, vermutlich durch die 
verminderte Menge der Lipidphosphatase PTEN zu einer PI3K-vermittelten Aktivierung von 
Rac1 über die initiale Phase der Kontaktbildung hinaus kommt. Ob Keratine in erster Linie die 
Stabilität der Desmosomen regulieren, was indirekt die Adhärenzkontakte und die 
Aktinorganisation beeinflusst, oder ob sie direkt an der Regulation der Aktin-assoziierten 
Kontakte, beispielsweise über die Lokalisation von Vinculin, beteiligt sind konnte im Rahmen 
dieser Arbeit nicht geklärt werden.  
Zusammenfassend unterstreicht diese Arbeit die Bedeutung des Keratinzytoskeletts für die 
Stabilität von Epithelien. Die dargestellten Daten weisen auf einen bisher unbekannten 
Mechanismus hin, über den spezifische Keratin-Isotypen die Dynamik und Stabilität von Zell-
Zell Kontakten regulieren können.  
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